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ABSTRACT 
As noted by Tan, Godin, Brown, and Zabotin in 2019, interferometry of 
ambient and shipping noise in the ocean provides a way to estimate physical parameters 
of the seafloor and the water column in a surreptitious and environmentally friendly 
manner, without employing any controlled sound sources. This dissertation builds upon 
Tan et al.’s findings reported in The Journal of the Acoustical Society of America. With 
noise interferometry, two-point cross-correlation functions of noise serve as the probing 
signals and replace the impulse response measured in active acoustic remote sensing. The 
amount of the environmental information that can be obtained with passive remote 
sensing, and the robustness of the estimates of the seafloor parameters increase when 
contributions of individual normal modes are resolved in the noise cross-correlation 
function. Using the data obtained in the 2012 Florida Straits and Shallow Water 2006 
experiments, dispersion curves of normal modes have been obtained by application of the 
time-warping transform to noise cross-correlations. The passively measured dispersion 
curves are inverted for unknown geoacoustic properties of the seabed. It is demonstrated 
that, despite very strong variations of the water column parameters caused by nonlinear 
internal waves and tides, noise interferometry can be successfully used to acoustically 
characterize the seafloor on a continental shelf. 
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I. INTRODUCTION 
This work uses passively obtained cross-correlation functions of ambient and 
shipping noise to invert geoacoustic parameters in a shallow-water environment. By 
applying a normal mode extraction signal processing technique called time warping, the 
seabed properties are quantitatively inverted based on matching dispersion curves of 
acoustic normal modes.  The foundation for this dissertation is based on a collection of 
three peer-reviewed articles: [1] was published in Proceedings of Meetings on Acoustics, 
[2] and [3] in The Journal of the Acoustical Society of America, and the fourth article [4] 
is under review.  Additionally, these experimental results were presented at the 176th and 
177th Acoustical Society of America Meeting [5-8].  
Ocean acoustic noise interferometry [9-12], which employs ambient and shipping 
noise, provides a passive methodology in various interests: sources localization [10], 
thermometry [13, 14], tomography [15, 16], velocity of ocean currents [17] and seabed 
characterization [18-22]. This dissertation is inspired by this passive technique using noise 
pressure recorded by one hydrophone-pair only, without employing any controlled sources 
in a low-cost and environmentally friendly manner, to retrieve two estimated Green’s 
functions from a cross-correlation function of diffuse ambient and shipping noise and 
serving as signals to probe the environment. 
Dispersion curves [23] of normal modes as a function of frequency f and mode 
order m, represented by modal travel times ( )mt f  or group speeds ( ),mg f  are sensitive to 
environmental parameters and thus suitable to be used as input data in inverse problems of 
acoustic characterization of the environment, i.e. deriving the seabed properties. The time-
warping-based technique [24, 25] has been proven successful to extract dispersion curves 
of normal mode components from single-hydrophone records of broadband signals.  The 
time warping in shallow water [26-30] has been applied extensively on a transient field 
excited by a compact and broadband source. In Chapter II and III of this dissertation, we 
extend the time-warping application to the noise cross-correlation functions (NCCFs) 
2 
obtained empirically by hydrophone-pairs and measure dispersion curves of normal modes 
passively to retrieve seabed properties. 
In Chapter II [2], using the data obtained in the 2012 noise interferometry 
experiment in the Straits of Florida [31], dispersion curves of the first four normal modes 
are retrieved by the time-warping transform on a noise cross-correlation, which is obtained 
by a single hydrophone-pair. The passively measured dispersion curves are inverted for 
unknown geoacoustic properties of the seabed. Five alternative approaches of choosing the 
amount of retrieved dispersion curves ( )mt f  differently compared to the fully retrieved 
dispersion curves are discussed. The non-reciprocity caused by the strong current [17] in 
the Straits of Florida is shown to be non-negligible in the course of inversion. The resulting 
thickness of the sediment layer and sound speed are consistent with the geoacoustic models 
obtained earlier by other means [20, 21]. 
In Chapter III [1, 4], we calculate the NCCFs in a dynamic costal ocean while strong 
internal solitons are present to retrieve seabed parameters. Specifically, we extend work 
presented in [11, 32]  where the ocean acoustic propagation conditions are assumed to be  
stationary to compute the NCCF, and allow for faster sound speed rate changes in the water 
column than have been considered in previous approaches [9, 13, 16]. In Chapter II we 
used a single NCCF to probe the seabed properties. In Chapter III we extend this concept 
and take advantage of multiple hydrophone-pairs available from the Shallow Water 2006 
experiment to compute multiple NCCFs. Dispersion curves associated to the three low-
order modes and extracted by time warping are averaged to suppress measurement errors. 
Resulting seabed properties are then compared with those obtained in previous studies 
conducted in the same geographical location.  
In Chapter IV [3], first we develop an analytical model for normal mode 
propagation in the coastal ocean  and apply it to investigate the effect of seafloor 
bathymetry variations on modal travel times. Previous time-warping-based [25] modal 
separation methodology leads to higher basement sound speed estimates [2, 26, 27, 29] as 
compared to other approaches. This bias is the physical result of assuming a range-
independent waveguide in horizontally inhomogeneous costal ocean environments. Next, 
3 
we use our model to validate the presence of the bias observed in basement sound speed 
estimates.  
Lastly, Chapter V is the summary of this dissertation. Appendices A-E contain 
additional supporting information.  
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II. FLORIDA STRAITS EXPERIMENT 
This chapter was previously published as [2]: Tsu Wei Tan, Oleg A. Godin, 
Michael G. Brown and Nikolay A. Zabotin, “Characterizing the seabed in the Straits of 
Florida by using acoustic noise interferometry and time warping,” The Journal of 
Acoustical Society of America, vol. 146, no. 4, pp. 2321–2334, 2019. https:// 
doi.org/10.1121/1.5127846. Re-print permission is granted by AIP Publishing. AIP 
Publishing permits authors to include their published articles in a thesis or dissertation. 
A. INTRODUCTION 
In ocean acoustic noise interferometry [9-12, 32], one retrieves an estimate of 
deterministic Green’s function from time series of diffuse ambient or shipping noise 
recorded by spatially separated receivers. Thus, noise interferometry (NI) [33-38] offers a 
way to achieve passive acoustic characterization of the environment, which does not 
require any controlled sound sources. With noise used as the probing signal, acoustic 
remote sensing becomes an environmentally friendly and relatively low-cost technique of 
ocean monitoring. Ocean acoustic noise interferometry and the closely related passive 
fathometer technique [39] have been successfully used to implement passive acoustic 
thermometry [13, 14] and tomography [15, 16], measure velocity of ocean currents [17], 
and characterize the seabed [18-22]. 
When noise is not perfectly diffuse, the empirical Green’s function, i.e., the 
estimate of the deterministic Green’s function that is retrieved from the noise cross-
correlation function (NCCF), consists of the same ray or normal mode arrivals as the true 
Green’s function. However, the spectral amplitudes of the arrivals in the empirical Green’s 
function differ from those spectral amplitudes in the true Green’s function and depend on 
the noise directivity[11, 38, 40], which is usually approximately known. Therefore, 
matching the passively measured travel times of ray arrivals or dispersion curves of normal 
modes is expected to lead to a more accurate and robust inversion for environmental 
parameters than minimizing the mismatch between measured and computed Green’s 
functions. 
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In this paper, we use the time-warping transform [24, 25] to retrieve dispersion 
curves of acoustic normal modes from the empirical Green’s function of a shallow-water 
waveguide and subsequently invert the passively measured dispersion curves for 
geoacoustic parameters of the seabed in the Straits of Florida. Time warping has been used 
extensively in underwater acoustics [26-29, 41-43], often with applications to geoacoustic 
inversions, to retrieve dispersion curves of normal modes from measurements made at a 
single receiver of a transient wave field excited by a compact sound source. The feasibility 
of separation of contributions of individual normal modes into a two-point cross-
correlation function of diffuse noise was previously demonstrated by Brown et al. [31] and 
Sergeev et al. [44]. However, no geoacoustic inversions of the passively measured modal 
dispersion curves were reported in these papers. As discussed below, retrieval of normal 
mode dispersion curves from noise correlations with the accuracy necessary for meaningful 
geoacoustic inversions is a more exacting signal-processing problem than a simpler task of 
normal mode separation. 
The remainder of this chapter is organized as follows. An experiment [12, 17, 31] 
on acoustic noise interferometry in the Straits of Florida and NCCF calculation are 
described in Chapter II.B. In Chapter II.C we discuss an application of time warping to 
separate the normal mode contributions to the NCCF as well as passive measurement of 
the mode travel time dependence on the mode order and wave frequency. An algorithm for 
inferring the geoacoustic parameters of the seabed from passively measured mode travel 
times is presented in Chapter II.D. Results of the geoacoustic inversion are discussed and 
compared to previously reported results in Chapter II.E. In Chapter II.F. we summarize our 
conclusions.  
B. EXPERIMENTAL WORK AND NCCF 
The data analyzed in this paper were collected from continuous recordings over 6 
days of acoustic pressure in the NI experiment in the Straits of Florida in December 2012 
[12, 17, 31]. In this experiment, three autonomous ambient noise-recording systems were 
deployed. Each system had a single hydrophone, electronics, and batteries contained in a 
housing on a short, taut mooring, with the hydrophones located 5 m off the seafloor. 
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Acoustic noise recorded by two hydrophones A and B separated by about 5.01 km is used 
to construct the NCCF. Acoustic pressure was measured by the hydrophones concurrently 
up to a millisecond-scale time shift due to the relative drift of clocks on the two receiving 
systems. Both hydrophones were deployed on the continental shelf close to the 100 m 
isobath approximately 15 km off the Florida Keys, as shown in Figure 1. The seafloor was 
relatively flat, with the slope of the order of 10–2 rad (0.57o) in the direction perpendicular 
to the isobath. 
 
The hydrophones were located about 5.01 km apart near the 100-meter isobath off Florida 
Keys. The bathymetric contour interval is 100m. 
Figure 1. Location of two near-bottom hydrophones A and B used in 
the 2012 Florida Straits Experiment  
The noise cross-correlation function was calculated in the 10–110 Hz band and is 
shown in Figure 2 as a function of time-delay τ between the time series of pressure recorded 
by hydrophones A and B. Note the large peaks in the NCCF magnitude around time delays 






NCCF is shown as a function of time delay τ. Note the NCCF peaks around τ = ±3.4 s, 
which correspond to sound propagation between points A and B as expected for diffuse 
noise. The negative- and positive-time-delay parts of the NCCF are plotted as blue line and 
red line, respectively. 
Figure 2. Normalized noise cross-correlation function (NCCF) 
recorded by hydrophones A and B 
In calculating the NCCF, we followed References [12, 15, 17] and applied spectrum 
pre-whitening, i.e., a normalization of the magnitude of the signal in the frequency domain, 
such that each frequency bin has the same energy contribution to suppress contributions of 
strong, transient non-diffuse noise sources such as nearby shipping, and to compensate for 
variations of the noise power spectrum with frequency. The NCCF expressed in the 
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    (2.1) 
were the asterisk denotes complex conjugation, f is the sound frequency in Hertz, 
, ( )A nP f  
and 
, ( )B nP f  are spectra of the pressure recorded by hydrophones A and B, respectively, 
during the n-th time window, and N is the number of non-overlapping time windows used 
in averaging. The NCCF C(τ) expressed in the time-domain, is obtained as the inverse 
Fourier transform of the frequency-domain NCCF ˆ ( ).C f  In the Florida Straits experiment, 
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NCCF estimates were previously found to become stable (with respect to further increase 
in the noise averaging time) after stacking of about 36 hours of recording [17]. In this study, 
the entire recorded six-day time series of acoustic pressure, which were split into 625-
second time windows, were used in Equation (2.1) to calculate C(τ).  
During the experiment, the water temperature and sound speed variations with 
depth were relatively weak, with the sound speed being 1537.4 2.4  m/s throughout the 
water column [31] (Figure 3). The sound speed profile (SSP) shown in Figure 3 was 
obtained as the average of SSPs measured in the vicinity of the receivers in the beginning 
of the experiment, and the profile did not change appreciably during the six days of acoustic 
measurements.  
  
Figure 3. Average of the sound speed profiles measured during 
receivers’ deployment 
The negative- and positive-time-delay parts of the noise cross-correlation function 
C(τ), to be abbreviated as N-NCCF (blue line in Figure 2)  and P-NCCF (red line in Figure 
2), approximate the acoustic Green’s function at sound propagation in opposite directions 
between the hydrophones A and B [11]. In data-based estimates of NCCF, the Green’s 
functions represent a coherent signal superimposed to random “noise,” where the variance 
is largely independent of the time delay τ [36]. The largest NCCF amplitudes and best 
10 
signal-to-noise ratio (SNR) for retrieving the Green’s functions are found at time delays 
3.20 s < | τ | < 3.80 s (Figure 2). We will refer to this part of the measured NCCF as the 
“energetic” part. In Figure 2, the energetic part of NCCF appears to be an even function of 
the time delay τ, as expected for diffuse noise [9, 11, 45] A closer examination reveals a 
subtle asymmetry between positions of the N-NCCF and P-NCCF peaks. The two factors 
responsible for the asymmetry are the clock drift and acoustic non-reciprocity induced by 
the strong current in the Florida Straits [12, 17]. In this study, we have symmetrized the 
measured NCCF. By cross-correlating the energetic parts of N-NCCF and P-NCCF at 3.20 
s < | τ | < 3.80 s, we found a 5.6 ms shift of the cross-correlation peak from zero. Then, the 
NCCF was shifted as a whole along the time-delay axis by 2.8 ms. This procedure is known 
to correct for the effects of clock drift and non-reciprocity due to the depth-averaged 
component of the flow velocity [17]. (Compensation of the subtler non-reciprocal effects, 
which depend on the flow velocity profile, sound frequency, and mode number, is 
discussed in Chapters. II. C and E.) The energetic parts of N-NCCF and P-NCCF obtained 
after the time shift correction is applied are shown in Figure 4 and are used in this study as 
the source of environmental information for acoustic remote sensing. 
 
Negative (dashed blue curve) and positive (solid red curve) time-delay parts of NCCF are 
shown as functions of the absolute value of the time delay. The reference time τr ≈ 3.25 s 
used in the time-warping transform is shown by a vertical dashed line. 
Figure 4. Blow-up of the energetic portions of the noise cross-
correlation function at 3.20 s < | τ | < 3.80 s in Figure 2 
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C. PASSIVE MEASUREMENTS OF NORMAL MODE TRAVEL TIMES 
To separate contributions of individual normal modes into NCCF and extract the 
modal dispersion curves, which contain environmental information, in this section we 
apply a single-receiver modal filtering method, the time-warping transform [24, 25]. In 
Chapter II.C.1 we describes the modal isolation scheme and the results of its application to 
P-NCCF and N-NCCF. The unwarping process applied to restore the waveform of each 
mode and subsequently measure its travel time at various frequencies is presented in 
Chapter II.C.2. In Chapter II.C.3 we analyze the accuracy of the modal travel time retrieval.  
1. Application of the Time-Warping Transform to the Noise Cross-
Correlation Function 
The time-warping process transforms a received signal ( )S t  into a warped signal 
   ,S w t  which is given by [26] 
       
1/2
.S w t w t S t

   (2.2) 
Here t is the travel time, and  w t  is the warping function, which has the meaning 





  ensures that the warped and original signal have the same energy. In a 
shallow-water waveguide, the warping function is defined [26, 30] as  
   2 2 ,rw t t     (2.3) 
where 
r wr c  and r is the distance between source and receiver in an active scheme. In 
the NI context, r is the distance between two hydrophones, with one hydrophone serving 
as a virtual source and the other as a receiver. In the case of a uniform layer with ideal (i.e., 
pressure-release and/or rigid) boundaries, for which Equation (2.2) has been actually 
derived, cw is the sound speed in water. Physically, time warping corresponds to time axis 
dilation and compression. Mathematically, it is a non-uniform resampling which 
transforms each modal arrival (transient energy associated with a fixed mode number) into 
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a continuous wave signal of a monotone frequency, so each modal arrival can be isolated 
in the warped domain by applying a narrow band-pass filter [26]. The time-warping 
transform defined by Equations (2.2) and (2.3) has been proven experimentally to 
successfully separate normal modes at low frequencies in shallow-water waveguides [26-
29, 41, 42, 46-48].  
In the NI context, the absolute value of time delay τ plays the role of time t, and the 
received signal ( )S   in Equation (2.2) is either the P-NCCF:   ( ), 0,S C     or time-
reversed N-NCCF: ( ) ( ), 0S C      (Figure 4). The spectrograms of the N-NCCF and 
P-NCCF signals are shown in Figure 5.a and 5.b, respectively. The spectrogram is the 
absolute value squared of the short-time Fourier transform (STFT), ( , )STS t f  which is 
calculated as follows [43, 49]: 
 





STS t f S t h t t e dt
      (2.4) 
Here tstart = τr ≈ 3.25 s and tend = tstart  + 0.5 s. The smoothing function h is the 
Hamming window. Normal mode contributions are not separated in the spectrograms in 
Figure 5. a and b, which becomes particularly clear when the spectrograms are compared 




White circles show the dispersion curves of the first four normal modes, which are obtained 
using time warping. Note that the normal modes are not separated in the original 
spectrogram. 
Figure 5. (a) Spectrogram of the negative-time-delay part of NCCF. 
(b) Spectrogram of the positive-time-delay part of NCCF. Spectral 
density is given on dB scale with an arbitrary reference  
Results of time warping are sensitive to the choice of parameter τr in Equation (2.3). 
In shallow-water waveguides with a penetrable bottom, τr represents the earliest arrival 
time of the water-wave component of the signal. In practice, τr = r/cw can be determined 
empirically without precise knowledge of r or cw; τr is selected so that normal modes are 
clearly separated in the spectrogram in the warped domain. Specifically, at time-delays |τ| 
< τr ≈ 3.25 s, the N-NCCF and P-NCCF waveforms in Figure 4 are not in phase and the 
signal strength is low; therefore, these parts are not used in the signal processing analysis. 
This choice of τr indeed leads to clear separation of normal modes in the warped domain 
(Figure 5(a,b)). For orientation, our choice of τr corresponds to cw = 1540 m/s when r takes 
its nominal value 5.010 km (see Chapter II. B) or the depth-averaged water sound speed 
cw=1537.5 m/s when r = 5.002 km. To better compare the modes propagating in opposite 
directions and for consistency, the same optimum value of r  in Figure 4 is selected for 
both N-NCCF and P-NCCF. 
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Equation (2.2) transforms the N-NCCF and P-NCCF shown in Figure 4 into the 
warped domain, as shown in Figure 6. 
 
Normalized N-NCCF (dashed blue curve) and P-NCCF (solid red curve) signals after time 
warping. 
Figure 6. NCCF after time warping 
Spectrograms of the warped signals are calculated by using Equation (2.4) and 
adjusting the limits of integration accordingly. Modes occupy distinct frequency bands and 
are clearly separated in the warped domain (Figure 7(a,b)). For both N-NCCF and P-
NCCF, their highest identified mode, mode 4, has considerably less energy than modes 1–
3 but the SNR is still large enough to retrieve the mode’s dispersion curve and use it in 
geoacoustic inversions. In the N-NCCF spectrogram, some acoustic energy appears at 
warped frequencies between those of modes 1 and 2 around the 1.1 s warped time (Figure 
7(a)). No such feature is present in the P-NCCF spectrogram (Figure 7(b)). We interpret 
the feature in Figure 7(a) as the warped-domain manifestation of a spurious arrival due to 
a localized noise source, i.e., a non-diffuse component of the noise field. The spurious 
arrival is separated in the warped domain from the normal modes that propagate between 
the hydrophones and, thus, has no effect on retrieval of the mode dispersion curves. 
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(a) Spectrogram of the negative-time-delay part of NCCF in the warped domain. (b) Same 
as (a) but for the positive-time-delay part of NCCF. Spectral density is normalized by its 
maximum value. Normal modes appear to be separated in the spectrogram, and their orders 
are indicated. The box with white dashed-line boundaries is the time-frequency mask 
applied to isolate mode 2 at the unwarping stage of the signal processing. 
Figure 7. Spectrogram of NCCF after time warping 
2. Retrieval of Mode Dispersion Curves 
The time-warping transform is invertible. After the normal mode signals are 
isolated and identified in the warped domain, each normal mode can be “unwarped” 
separately back to the physical domain. The inverse warping function 
2 2( ) ,rw t t   is 
obtained by Equation (2.3) such that [ ( )] ,w w t t  and the energy of signal before and after 
warping transform is conserved [25] given by Equation (2.2). To obtain the waveform of 
an individual normal mode in the warped domain, we apply the time-frequency (TF) masks 
[26, 27], which are illustrated in Figure 7(a,b) spectrograms as the areas enclosed by white 
dashed lines. The STFT result is multiplied by a step function, which equals one inside and 
zero outside the TF mask. After application of the TF mask, the warped domain signal 
   ,mS w t  due to the individual mode m, is obtained by the inverse STFT, where STFT is 
defined in Equation (2.4). Finally, application of the inverse warping transform to the 
warped-domain signal   mS w t  produces the waveform  mS t of the mode m back in the 
physical domain. Figure 8 and Figure 9 illustrate the result of such mode filtering process 
using m = 2 as an example. The retrieved mode 2 components of N-NCCF and P-NCCF 
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are visually very similar (Figure 9), except at large travel times, where the SNR is lower 
and the two waveforms are not in phase.  
 
Normalized warped mode 2 only of N-NCCF (dashed blue curve) and P-NCCF (solid red 
curve). 
Figure 8. Warped mode 2,   2mS w t  signal only 
 
Normalized mode 2 of N-NCCF (dashed blue curve) and P-NCCF (solid red curve). 
Figure 9. Mode 2,  2mS t  signal only after unwarping 
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Spectrograms of individual normal modes in the physical domain are calculated 
from their waveforms in the usual way using the STFT Equation (2.4). The resulting 
spectrograms of a single mode m are no longer affected by mode interference. This is 
illustrated in Figure 10(a,b) for the particular case of m = 2. Mode dispersion curves ( )mt f   
have been extracted from the STFT result using the reassignment process [50], which 
improves the resolution of TF distribution by reallocating the energy concentration. The 
result ( )mt f is shown by white circles in Figure 10(a,b) for mode m = 2. The dispersion 
curves ( ),mt f  obtained with the reassignment process and by finding the travel time that 
maximizes the magnitude of the spectral density in each frequency bin, are close in our 
problem, with the reassignment process resulting in a smoother dispersion curve. On the 
scale of Figure 10(a,b), the mode 2 dispersion curves retrieved from N-NCCF and P-NCCF 
agree very well as expected when the noise field is sufficiently diffuse.  
 
(a) Mode 2 spectrogram in the physical domain for the NCCF’s negative time-delay part. 
Spectral density is given on dB scale with an arbitrary reference. White circles show the 
mode 2 dispersion curve 2 ( )mt f retrieved from the spectrogram. (b) Same as (a) but for 
the positive-time-delay part of NCCF.  
Figure 10. Retrieval of normal mode dispersion curves, 2 ( )mt f mode 
2 only   
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Generally, the difference between mode travel times ( )mt f retrieved from N-NCCF 
and P-NCCF are of the order of a millisecond. However, much larger discrepancies can be 
seen on closer examination of the lower-frequency portion of Figure 10(a,b). For mode 2, 
large discrepancies occur at frequencies close to 20 Hz. N-NCCF in Figure 10(a) produces 
modal travel time 
2( )t f  longer than 3.6 s whereas P-NCCF in Figure 10(b) does not in the 
same lower frequency bin. Similar increase in the travel time discrepancies is also observed 
for the other normal modes at frequencies close to the minimum of their group speed [51]. 
This observation can be attributed to the small signal amplitude and low SNR at the 
waveform tail (Figure 9), so that the extracted travel times at lowest frequencies of each 
modal component are not accurate. Another possible reason is related to the temporal 
extent of the TF mask applied to the warped-domain spectrogram. Spectral density is small 
at large warped times (e.g., at times greater than 1.45 s in Figure 7(a,b)), and it is not clear 
where “signal” ends and “noise” starts. Upon unwarping, large warped times translate into 
large and potentially unphysical mode travel times. Thus, time-warping processing has a 
difficulty in accurately identifying the maximum mode travel time.  
Figure 7 to Figure 10 illustrate the retrieval of mode 2 only signal  2mS t and its 
normal mode dispersion curve 2 ( ).t f  The same unwarping procedures to retrieve mode 1, 
3 and 4, are illustrated in Appendix A (Figure 29 to Figure 40). 
3. Accuracy of Travel Time Measurements 
Normal mode travel times ( )mt f  need to be measured very accurately in order to 
employ modal dispersion curves for acoustic remote sensing of the ocean, especially at the 
relatively short propagation distances typical in shallow-water scenarios. Here we discuss 
measurement errors and develop methods to suppress the errors. In Appendix B, an ideal 
waveguide simulation is used to demonstrate the accuracy of modal dispersion curve 
measurement by comparing the time-warping-based results with the exact analytical 
solution. 
The time-warping-based mode separation [49] involves the subjective step of 
manually selecting a TF mask (Chapter II.B.2). Even when the modes are clearly separated 
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in the warped-domain spectrogram, applying a slightly different TF mask changes the 
energy allocation and affects the physical-domain waveform. Then, the retrieved 
dispersion curve is also affected, with the most pronounced changes occurring in the low-
SNR parts of the mode signal, such as at low frequencies close to the group speed 
minimum. To quantify the effect of the TF mask choice, mode separation and the 
dispersion curve retrieval have been repeated with nine independent choices of reasonable 
TF masks for each of the four normal mode components of the measured P-NCCF and N-
NCCF. The results are illustrated in Figure 11 for modes 2 and 3 of P-NCCF. After the 
nine trials, the root-mean-square (RMS) deviation of the mode 2 travel time from the 
sample mean of the nine trials is less than 1 ms at all frequencies above 30 Hz. The RMS 
deviation of mode 2 travel time increases rapidly as frequency decreases below 30 Hz. 
Results are similar for mode 3 (Figure 11) and the other modes (not shown), except that 
the rapid increase of the RMS deviation occurs at different frequencies. For example, for 
mode 3, the RMS deviation is less than 1 ms above 40 Hz and rapidly increases below this 
frequency. Thus, repeating the mode separation with different TF masks has allowed us to 
significantly decrease the travel time measurement errors and simultaneously determine, 




Due to subjective choice of time-frequency masks in the warped domain, RMS deviation 
from the mean is shown for modes 2 (dashed blue line) and 3 (solid red line). The normal 
modes are retrieved from the positive-time-delay part of NCCF using 9 different time-
frequency masks for each mode. The travel time is estimated as the sample mean at each 
frequency.    
Figure 11. Uncertainty of the normal mode travel time measurements 
The mode dispersion curves, which have been retrieved from P-NCCF and N-
NCCF after nine trials, are depicted in Figure 12. The dispersion curves are shown in the 
full frequency band to illustrate the rapidly increasing discrepancy between the P-NCCF 
and N-NCCF curves that occurs due to insufficient SNR at frequencies below the mode-
specific frequency range of reliable measurements. Overall, the P-NCCF and N-NCCF 
dispersion curves are closer to each other for modes 1 and 3 than for mode 2. Mode 4 
exhibits the largest travel time discrepancies due to its relatively low magnitude in the N-
NCCF and P-NCCF spectrograms, see Figure 7(a,b). The larger travel time uncertainty of 
mode 4 can be attributed to the effect of ~1 m tidal variations of the water level during the 
experiment [12], which lead to a faster coherence loss and SNR decrease of the higher-
order modal components of NCCF [52].  
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Figure 12. Dispersion curves ( )mt f  retrieved from the N-NCCF 
(dashed blue lines) and P-NCCF (solid red lines) 
In addition to the random measurement errors due to limited SNR, there is a 
systematic difference between the dispersion curves retrieved from N-NCCF and P-NCCF. 
It represents the difference between the mode travel times caused by the Florida Straits 
strong current which flows approximately along isobaths from hydrophone B to 
hydrophone A (Figure 1). The flow-induced travel-time non-reciprocity is of the order of a 
millisecond [17], and cannot be seen on the scale of Figure 12, but is still non-negligible 
in geoacoustic inversions. To isolate the reciprocal component of the mode travel times 
and remove the effect of poorly known flow velocity profile, the modal travel times 
retrieved from N-NCCF and P-NCCF are averaged for each of the four modes. The 
resulting reciprocal dispersion curves are shown in Figure 13. The reciprocal dispersion 
curves are virtually unaffected by the current [51] and are used as input information for the 
geoacoustic inversion discussed in Chapter II.D. The inversion assumes a stationary ocean 
by removing non-reciprocity caused by the Florida Straits current.  
To better appreciate the scale of measurement errors relative to the mode travel 
time changes due to dispersion, it is instructive to compare the measurements to modal 
dispersion curves calculated for the best-fitting environmental model, as found in Chapter 
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II.E. The inaccurately determined parts of the measured dispersion curves were not 
included in the inversion (Chapter II.D) but still show good agreement with the inversion 
results on the scale of Figure 13. 
 
Passively measured reciprocal component of the mode travel times (circles) and the best-
fit theoretical modal dispersion curves (lines). Mode orders are indicated in the figure. 
Figure 13. Dispersion curves of first four acoustic normal modes in 
the Florida Straits 
D. INVERSE PROBLEM 
Geoacoustic inversion aims to find the experimental geometry and a seabed model 
that best fits the passively measured dispersion curves of the acoustic normal modes. A 
range-independent ocean is assumed because the seafloor is rather flat at the experiment 
site (Figure 1), with the water depth being within 3.0 m of the average depth along the 
acoustic propagation path between the receivers [12]. The water depth was 102 m at the 
receiver A location (Figure 1), and this value has been used in the range-independent 
environmental model. The sound speed profile in water (Figure 3) is assumed to be known. 
The horizontal distance r = 5010 m between the hydrophones in Figure 1 is known 
approximately from GPS measurements of the ship position at the time of deployment of 
each receiver [12], albeit not with the accuracy required in the inverse problem. Uncertainty 
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in the receiver positions stems primarily from the receiving systems being affected by the 
strong Florida current between the system’s release on the ocean surface and its coming to 
rest on the seafloor. Horizontal distance r is treated as one of the unknown parameters to 
be determined in the course of solving the inverse problem. 
We model the seabed as a single sediment layer over a harder half-space basement, 
as shown in Figure 14. Both the sediment layer and the half-space basement are assumed 
to be fluid, and absorption and shear rigidity are ignored. Although compressional wave 
absorption and coupling between compressional and shear waves in the bottom determine 
the mode attenuation and affect the NCCF waveform, they have only a second-order effect 
on mode travel times, which is expected to be negligible. Thus, the six unknown parameters 
affecting the travel time of acoustic normal modes are the distance r and five geoacoustic 
parameters: the thickness H of the sediment layer, sound speeds cs and cb in the sediment 
and basement, and the ratios ρs and ρb of the densities of sediment and basement to that of 
water (Figure 14). 
 
Sound speed profile in water and water depth are assumed to be known. The unknown 
parameters to be determined are the distance r between the hydrophones and five 
geoacoustic characteristics of the fluid seabed: sediment layer thickness H, sound speeds 
cs and cb in the sediment and basement, and dimensionless densities ρs and ρb of the 
sediment and basement. 
Figure 14. The geoacoustic model implied in the inversion process 
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The inversion is based on matching the measured and modeled normal mode 
dispersion curves. The solution ˆU U of the inverse problem minimizes the following cost 
function: 
  







m n m n
m n








U   (2.5) 
where mt  and m̂t  are the measured and modeled travel times of the m-th mode, M  is the 
number of normal modes, and N is the number of frequency bins to be compared between 
theoretical and measured dispersion curves. (The total number of M = 4 normal modes have 
been identified using time warping, see Chapter II.C.) The modeled travel time 
 ˆ ˆ, ( , )U Um n gm nt f r v f and the group speed ˆ ( , )Ugm nv f of mode m are calculated by the 
normal mode code KRAKEN [53] for each geoacoustic model defined by the vector U= r, 
H , cs, cb, ρs and ρb. The passively measured modal travel times  m nt f  are shown by circles 
in Figure 13 and are obtained by averaging N-NCCF and P-NCCF retrieved modal travel 
times as described in Chapter II.C.3. Each mode m has its own total number of frequency 
bins N to be compared between  m nt f  and  ˆ ,m nt f U . For instance, mode 2 travel time 
 2 nt f  is reliably measured and will be compared to modeled travel times  2̂ ,nt f U  in the 
40–100 Hz frequency band. Similarly, mode 3 travel times will be compared in the 50–100 
Hz frequency band.  
After selecting bounds of variation of each unknown parameter and a grid in the 6 
dimensional parameter space, an exhaustive search is used to minimize the cost function 
 UK in Equation (2.5) and find the optimum set of the 6 unknown parameters. The point 
Û , where  K U  reaches its global minimum on the grid, is our estimate of the 
environmental model that best fits the data. 
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E. GEOACOUSTIC PARAMETERS OF THE SEABED 
1. Results of the Geoacoustic Inversion and Comparison with Previous 
Studies at the Same Experimental Site 
The inversion algorithm presented in Chapter II. D. was applied to the normal mode 
dispersion curves that were passively measured as described in Chapter II. C.3. Propagation 
range, thickness of the sediment layer, sound speeds and densities in the layer and in the 
underlying half-space were allowed to vary on a regular grid in the following intervals: 
4970 m ≤ r ≤ 5010 m, 6 m ≤ H ≤ 21 m, 1500 m/s ≤ cs ≤ 1700 m/s, 1700 m/s ≤ cb ≤ 2400 
m/s, 1.1 ≤ ρs ≤ 1.9, and 1.6 ≤ ρb ≤ 2.8. The grid steps were δr = 1 m, δH =1 m, δcs = 5 m/s, 
δcb = 25 m/s, δρs = 0.1, and δρb = 0.15.  
The geoacoustic parameters and the distance r between the receivers obtained by 
solving the inverse problem are shown in Table 1 under “Time-warping method.” Also 
included in the table are the geoacoustic parameters inferred in [12] from qualitative 
analysis of the noise cross-correlation function, the results of earlier inversions of the same 
measured NCCF by matching the signal waveform [20] and from the requirement that 
back-propagated NCCF focuses at the receiver position [21]. In terms of the input data, the 
primary difference of this work from previous studies [12, 17, 20, 21] consists in exploiting 
a wider frequency band of noise. In those previous studies, SNR limitations in NCCF 
measurements as well as the loss of coherence due to ocean surface variations during the 
noise averaging time [12, 52] had limited the useful frequency band to 20–70 Hz. Although 
the spectral levels of NCCF at frequencies above 70 Hz are low, use of time warping has 
allowed us to retrieve modal travel times up to 100 Hz.  
The seabed was modeled as a homogeneous fluid in [12]. Hence, no basement 
parameters are listed in Table 1 in this case. It was noted in [12] that the seabed model 
would need to be further adjusted in order to improve agreement between the measured 
NCCF and simulated Green’s function at frequencies below 30 Hz. In addition to the 
parameters shown in Table 1, the geoacoustic inversions reported in [20] and [21] provided 
estimates of compressional wave attenuation in the sediment layer and the basement, which 
we do not discuss here. The impact of attenuation on modal travel times is negligible and 
discussed in Appendix C (Figure 47). 
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Brown et al. [12]  20–70 5010 10 1.8 1540 - - 
Zang et  al.  [20] 20–70 5000 9 1.3 1570 2.2 1800 
Godin et al. [21] 20–70 5010 20 1.3 1551 2.2 1800 
Time-warping 
method 
20–100 4994 14 1.4 1550 2.35 2375 
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Results of neither in situ measurements nor active acoustic remote sensing of the 
seabed parameters are available for the experimental site. The seabed information available 
for other sites in the Straits of Florida will be discussed in Chapter II. E. 3.  
The analysis of the cost function sensitivity to the six unknown parameters is 
illustrated in Figure 15. Each subplot illustrates the sensitivity of the cost function  UK  
to the single unknown parameter, values of which are shown on the x-axis of the subplot. 
Every dot represents the value of the cost function for a particular parameter vector U. 
Searching on a grid makes those dots form a vertical line, where the parameter being 
searched is fixed at the corresponding value on its x-axis, with the other five parameters 
being varied in the course of the search. The best value of each parameter, at which the 
cost function reaches its minimum  ˆ 2.52UK (ms)2, is indicated by the red triangle in 
each subplot of Figure 15. As a further justification of the solution of the inverse problem 
obtained here, and the quality of the data-model match achieved by our geoacoustic model, 
the results of the 6-parameter search (Figure 15) are compared to those obtained with a 4-
parameter search in Appendix D (Figure 48).  
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The unknown parameters are defined in Figure 14. In each panel, the cost function  UK  
is plotted as a function of a single search parameter for all possible values of the other 
parameters. Only values of  UK  from its minimum up to 10 (ms)2 are shown. Red 
triangles indicate the position of the cost function minimum and the best estimate of the 
respective unknown parameter. 
Figure 15. Sensitivity of the data-model mismatch to individual 
parameters of the geoacoustic model. 
The distance r obtained using the time-warping method is 16 m less than the 5010 
m estimate obtained from ship positions [12] (Table 1), which is within the uncertainty of 
the latter estimate. The difference is about one wavelength at the highest sound frequency 
(100Hz). The inversion result is consistent with the waveform inversion [20] in being less 
than the nominal distance r = 5010 m. The nominal distance was assumed to be 5010 m 
and not adjusted in [20] and [21].  
The inferred sediment thickness, H = 14 m, is close to the average, 14.5 m, of the 
two previous inversion results [20, 21] (Table 1). The inferred sediment sound speed, 1550 
m/s, is also close to previous results [20, 21] and expectations [12], especially to the passive 
time-reversal mirror [21] inversion result (Table 1). Normal mode travel times are not very 









ρs and ρb are close to the previous inversion results [20, 21]. The comparison of dispersion 
curves by using inversion results of [20] and [21] are presented in Appendix E. 
Whereas the inferred values of the sediment layer parameters and basement density 
are consistent with earlier results, the inferred value of the basement sound speed, 2375 
m/s, is much higher than and inconsistent with previous results (Table 1). Three possible 
reasons for this discrepancy will be discussed in Chapter II.E.3. 
Travel time measurement errors translate into an uncertainty in the value of the cost 
function K, Equation (2.5), and, hence, lead to an uncertainty in the inverse problem 
solution. To assess this uncertainty, we compare the variations in K due to measurement 
errors and due to the parameter vector U deviations from its optimal value ˆ .U  In Figure 
16, the cost function K increases due to the variation of each component of U are compared 
to mean square errors in travel time measurements. The average measurement errors are 
about  
2
0.1 ms within the frequency band used in the inversion, as described in Chapter 
II.C.3 and illustrated in Figure 11. This mean square error is shown by a dash line in each 
panel of Figure 16. We find the following bounds for each of the unknown parameters: 
4992 m ≤ r ≤ 4994 m, 14 m ≤ H ≤ 15 m, 1530 m/s ≤ cs ≤ 1570 m/s, 1.2 ≤ ρs ≤ 1.4, 2.2 
≤ ρb ≤ 2.35, and cb ≥ 2275 m/s. The upper bound for cb lies beyond the range of probable 
values considered in our exhaustive search. Comparison of the bounds with results of the 
previous inversions [20, 21] in Table 1 reinforces the conclusion that the time-warping-
based estimates of sediment layer parameters and basement density are consistent with 
earlier studies, but the basement sound speed estimate is not consistent with earlier studies.  
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Each panel is a blow-up of a respective panel of Figure 15 and depicts in detail the cost 
function dependence on a single parameter of the geoacoustic model in the vicinity of the 
cost function’s minimum. Red dashed line shows the frequency- and mode-order-averaged 
variance of the measured travel times and represents the experimental error. Error bounds 
for inferred geoacoustic parameters are found from the condition that the deviations of K 
from its minimum do not exceed the measurement errors. 
Figure 16. Assessment of the error bounds of the inverse problem 
solution 
2. Robustness of the Passive Geoacoustic Inversion 
Inversion results presented in Chapter II.E1. are obtained with the optimal use of 
the mode travel time ( )mt f  contained in the measured NCCF. Within the general strategy 
of inverting the passively measured mode travel times for seabed parameters, a number of 
choices are made by using different input amount of ( )mt f , which affect the inversion 
outcome. Understanding such choices is important to ensure reproducibility of the results 
and for application of the passive geoacoustic inversion to other datasets. Five alternative 
versions of selecting the input data ( )mt f  for the inversion process are briefly outlined 
below, and listed in Table 2. The search bounds for unknown parameters remain the same 
as those selected in Chapter II.E1. Here we focus on the effect that the alternative 
approaches have on inferred sediment layer parameters, which is the most reliable output 











Table 2. Comparison of inversion results obtained with different amounts of input data 
















sound speed cb 
(m/s) 
1 N-NCCF only 4993 15 1.1 1540 2.35 2400 




4995 12 1.3 1540 2.80 2300 
3 
Excluding both 
lower- and higher 
frequency bands 






9–21 1.3–1.9 1520–1580 1.6–1.9 2275–2400 
5 
Different water depth 
98 m–104 m 
4993–
4994 








a. Separate Use of the Positive and Negative Time-delay Parts of the Noise 
Cross-correlation Function 
As discussed in Chapter II.C.3, the input to our main inversion is obtained for each 
normal mode by averaging the travel times derived at the same frequency from the positive- 
and negative-time-delay parts, P-NCCF and N-NCCF, of the noise cross-correlation 
function. This approach ensures complete cancellation of the first-order effects of arbitrary 
currents on the modal travel times [51]. The remaining effects, which are of second order 
in the small, ~10–3, ratio of the current velocity to the sound speed, are quite negligible.  
Alternatively, one might try to double the amount of data for inversion by using the 
mode travel times that are retrieved from P-NCCF and N-NCCF as separate or 
complementary inputs without averaging. In implementing such an approach, the same τr 
value, TF mask, and number of trials were applied to P-NCCF and N-NCCF at the time-
warping stage (Chapter II.C.2) to minimize uncertainty. The inversion results obtained 
using the P-NCCF mode dispersion curves proved inconsistent with those obtained using 
the N-NCCF ones. N-NCCF gives a higher cs value but lower H and lower ρs values than 
P-NCCF does.  
The NCCF used in the present work was symmetrized in the time-domain by 
shifting the NCCF along the time-delay axis so that the cross-correlation function between 
the N-NCCF and the time-reversed P-NCCF waveform produces maximum at zero. This 
procedure suppresses the acoustic non-reciprocity due to the depth-averaged component of 
the Florida Straits current and eliminates apparent non-reciprocity due to clock drift [17]. 
However, mode travel time non-reciprocity depends on the current velocity shear as well 
as the mode order and wave frequency [51], and cannot be corrected for with a single time 
shift. The modeled travel times in the cost function Equation (2.5) are calculated for 
waveguides without currents. The inconsistency of the results of P-NCCF and N-NCCF 
inversions shows that, in the Florida Straits with its strong currents, the dependence of the 
flow-induced travel time non-reciprocity on mode order and wave frequency cannot be 
ignored even in the geoacoustics context. Conversely, the non-reciprocal component of the 
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mode travel times appears to contain information which can be used to characterize the 
current velocity depth-dependence. 
b. Excluding Low-frequency Part of the Modal Dispersion Curves 
Uncertainty in passively measured modal travel times increases as frequency 
decreases and the group speed of a normal mode approaches its minimum (Chapters II. C.2 
and II.C.3). If the lower-frequency parts of the extracted dispersion curves are excluded 
from analysis and not used in inversions (i.e., the lower bounds of frequencies are raised 
in each normal mode by 5–10 Hz), the inversion process returns a consistent result for the 
sediment layer properties, with moderate deviations from the optimum result. However, 
the basement sound speed bc  decreases by 75 m/s and becomes closer to the results of 
earlier studies [20, 21]. At first glance, this may appear to be a positive development. 
However, raising the frequency lower bound of each mode excludes the component of the 
acoustic field which penetrates deeper into the seabed and is most sensitive to the basement 
parameters.  
We interpret the difference between our results in Table 1 and the inversion with 
raised lower bounds of the frequencies employed as an indication of the source of the 
discrepancies between findings of the present and earlier [20, 21] studies.  
c. Excluding Both Lower- and Higher-frequency Parts of the Modal 
Dispersion Curves 
When the input data for inversion is specified in a narrower frequency band for 
each mode by lowering the upper bound and raising the lower bound of frequencies, 
inversion returns the distance r value that is 8 m less than that obtained in the optimum 
result, and somewhat higher values of the sediment parameters H, cs, and ρs. Uncertainty 
in the inversion results increases. We conclude that maximum amount of retrieved modal 
travel times in a reliable frequency band, as shown in Figure 11, should be used as input 
data in order to obtain a reliable inversion result. 
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d. 4. Decreasing the Number of Normal Modes Employed In the Inversion 
In principle, when measured with high accuracy and in a very broad frequency 
band, the dispersion curve of a single normal mode contains sufficient information to 
determine parameters of a range-independent waveguide. This raises the question of 
whether the information contained in the measured dispersion curves of various normal 
modes is redundant. To address this question, higher mode data were excluded from the 
inversion process, starting from mode 4, then mode 4 and 3, and eventually using only 
mode 1. Limiting the number of modes in the input data is found to have a strong impact 
on the inferred geoacoustic parameters (see Table 2), and the inversion uncertainty. This 
finding supports the conclusion that, under the conditions of the Florida Straits experiment, 
the full amount of reliably retrieved modal travel time ( )mt f  should be used to arrive at a 
robust and reliable geoacoustic inference.  
e. Selecting a Different Water Depth in a Range-independent Waveguide 
The seafloor is not perfectly flat at the experimental site. Water depth experiences 
meter-scale variations along the acoustic propagation path between the receivers as well as 
~0.5 m tidal variations, which introduce a degree of uncertainty in selecting the water depth 
in the range-independent waveguide model that is implied in the inverse problem (Chapter 
II. D). Our inversion results summarized in Table 1 assumes that the water depth is 102 m, 
which is the rounded value of the water depth measured at the location of one of the 
receivers. Other choices of the water depth, from 98 m to 104 m at 1 m step, have also been 
tested, and the results are given in Table 2. The water depth values other than 102 m have 
increased the minimum value of the cost function, i.e., of the data-model discrepancy, but 
the inferred geoacoustic parameters of the sediment layer have not deviated appreciably 
from the values shown in the last row of Table 1. Hence, 102 m water depth is deemed to 
be the optimal choice of the effective water depth in the range-independent waveguide as 
it allows the best data-model fit. 
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3. Discussion 
To put the results of the geoacoustic inversion into a broader context, it is 
instructive to recall the seabed information obtained in other experiments on the Florida’s 
Atlantic shelf. As previously reviewed by Monjo et al. [54], Jiang et al. [55], Ballard [56], 
and Zang et al. [20], a number of geological and marine geophysical studies of the seafloor, 
including seafloor coring and seismic surveys, have been conducted in the general area 
with geographically closest measurements made at about 100 km southwest [57] and 120 
km northeast [55, 56] from the site of the 2012 NI experiment [12]. The seabed can be 
generally characterized as a sediment layer, primarily composed of very fine to fine, mostly 
carbonate sand, over limestone. The latter extends beyond the depths of tens of meters, 
where penetration is expected of acoustic waves in the frequency band 20–100 Hz. 
Thickness of the sediment layer varies and depends on water depth and position relative to 
the Florida current core, with the sweeping action of stronger current completely removing 
the sediment and exposing the limestone [56]. For instance, at a site ~15 km off the Florida 
Keys, which is about 100 km away from and geologically similar to the 2012 NI experiment 
site, seismic surveys revealed a sediment layer with ~10 m thickness overlying a limestone 
formation [20, 57]. Given the composition of the sediment layer, the expected 
compressional wave speed and density are 1540–1560 m/s and 1.7–2.0 g/cm [11, 54, 58], 
although  much higher cs values in the 1673–1698 m/s range [55] were measured at a site 
about 120 km north-east from the 2012 NI experiment site. Geoacoustic parameters of the 
limestone are controlled by its porosity and pore type [57]. On the Florida’s Atlantic shelf, 
expected values of the compressional wave speed are from 2000 to 2600 m/s [57], although 
values as large as 3000 m/s have been assumed in the literature [56].  
The sediment sound speed values found from passively measured mode travel times 
(Chapter II.E.1) are well within the relatively narrow range suggested by the sediment 
composition. The sediment layer thicknesses found in the present work and in the other 
passive inversions (Table 1) are also consistent with expectations based on seismic surveys 
[57]. The inferred values of sediment density, while consistent between the three 
geoacoustic inversions (Table 1), are significantly lower than the values suggested by the 
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sediment geology [54, 58]. We attribute this difference to the fluid seabed model being 
implied in the inversions. 
Sandy sediments support shear waves, and the shear wave speed is small compared 
to the sound speed in water for surficial sediments on the Florida’s Atlantic shelf [55]. 
Shear waves decrease the input impedance of a fluid-solid interface as compared to the 
impedance of the interface with a fluid having the same density and compressional wave 
speed [59]. In other words, for sound incident from water, a solid bottom appears “softer” 
than the fluid bottom with the same density and sound speed. The sediment density inferred 
in the fluid seabed model should be viewed as an effective density. The fluid seabed model 
attempts to account for seafloor “softening” by the shear waves by returning a lower, 
“effective” density value that is smaller than the actual density of the seabed.  
The basement sound speed cb value inferred in this work from normal mode travel 
times is 575 m/s higher than in previous studies [20, 21] (Table 1). The basic reason for 
the rather dissimilar results being obtained from the same NCCF lies in the fact that 
different inversion algorithms rely on distinct cost functions, i.e., use different measures of 
similarity between the measured and modeled acoustic fields. Additionally, data in a wider 
frequency band is employed in the present study than in References [20] and [21] (Chapter 
II.E.1), but that proves to have a smaller effect on the cb estimate than the distinct data 
weighting by different cost functions. 
In full-field inversions, such as waveform matching [20] and backpropagation [21], 
the changes in the interference pattern due to variations in mode phase speeds are weighted 
by the mode amplitudes. Generally, the deeper the mode penetration into and the stronger 
its interaction with the seabed, the weaker is the mode’s amplitude due to sound attenuation 
in the bottom. In the time-warping-based approach, the input data for inversions is the 
frequency dependence of the modal travel times. The data from deep-penetrating modes 
strongly influence the inversion result (Chapter II.E.2.b) and are unaffected by the modal 
amplitudes as long as the SNR is sufficient for measurements. Sensitivity of the time-
warping-based inversion to seabed and especially basement parameters is further enhanced 
by the fact that, at least in the fluid bottom case, the partial derivatives of the group speed 
with respect to the basement parameters prove to be particularly large (and larger than the 
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phase speed derivatives) at frequencies slightly above the frequency of the group speed 
minimum, where modal amplitudes are strongly influenced by bottom attenuation.  
While the immediate mathematical cause of the discrepancy between the inferred 
cb values has been identified, estimating the true value of the compressional wave speed 
below the sediment layer remains an open topic of research. Here, we present three 
plausible explanations of the inversion result’s discrepancy, which suggest distinct answers 
to the “true cb” question.  
First, of the three inversions in Table 1, the modal dispersion curves-based 
approach provides the highest sensitivity to waves strongly interacting with the subbottom. 
Unlike earlier inversions schemes [20] and [21], the basement sound speed cb = 2375 m/s 
inferred using time warping (Chapter II. E.1) is well within the expected range of 
compressional waves speeds in limestone, 2000–2600 m/s [57], and is, thus, consistent 
with the geologic and seismic data obtained in the wider area of Florida’s Atlantic shelf. 
Second, the time-warping transform tends to produce artifacts in the spectrograms 
with apparent group speeds that are smaller than the minimum group speed of normal 
modes. In geoacoustic inversions, underestimation of the minimum group speed translates 
into exaggerated values of the basement sound speed. Exaggerated values of cb obtained 
with time warping compared to other inversion techniques have been previously reported 
in another experiment [26, 27]. 
In addition to data processing artifacts, there exist sound propagation effects that 
contribute to the bias. Positive cb bias occurs due to the seafloor slope, when normal mode 
travel times are measured in a horizontally inhomogeneous waveguide but a geoacoustic 
inversion is performed for a range-independent environmental model [3]. Biases of 
hundreds of m/s have been theoretically predicted for modest seafloor slopes at propagation 
distance of 5 km [3]. 
Thus, the large, positive difference between cb values inferred in the present and 
earlier  studies [20, 21] may be a manifestation of the bias introduced by time warping.  
Third, the basement parameters are inferred with the largest uncertainty in each of 
the inversions, and the discrepancy between the cb values in Table 1 can be viewed as an 
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indication that, with the available data, none of the cb inferences is reliable. An additional 
argument in support of such an interpretation comes from limitations of the geoacoustic 
model implied in the inversions. Shear wave speed in limestone is much higher than in the 
sediment layer, may be comparable to the sound speed in water [57, 58], and is likely to 
have a non-negligible effect on the acoustic field in water. Shear waves affect different 
acoustic observables differently. Hence, different cost functions will return different 
“effective” basement parameters in the fluid seabed model, and none of the “effective” cb 
values in Table 1 is necessarily close to the true speed of compressional waves below the 
sediment layer.  
At this time, we cannot definitively dismiss any of the three plausible 
interpretations of the cb discrepancy.  
F. SUMMARY 
Noise interferometry provides a basis for a non-invasive and environmentally 
friendly approach to acoustic remote sensing of the ocean. In the coastal ocean, the 
combination of acoustic noise interferometry and time warping allows one to passively 
measure dispersion curves of normal modes by using just two hydrophones and without 
any controlled sound sources. In this paper, we applied the time-warping transform to the 
data obtained in the 2012 noise interferometry experiment [12, 31] with hydrophones 
separated by about 50 ocean depths, retrieved dispersion curves of four normal modes in 
the 20–100 Hz band from a two-point cross-correlation function of ambient and shipping 
noise, and derived a geoacoustic model of the seabed from the passively measured modal 
travel times. The time-warping-based technique for seabed characterization by matching 
dispersion curves of normal modes excited by a compact sound source [26-29, 41-43] has 
been extended to acoustic fields due to distributed, random sources. 
The values of the sediment layer thickness, sound speed, and density as well as 
bottom density in the basement (i.e., below the sediment layer), which have been obtained 
in the present study, are consistent with the results of the earlier geoacoustic inversions 
[20, 21] performed for the same site in the Straits of Florida. The basement sound speed 
value inferred from matching passively measured dispersion curves is much larger than in 
the earlier geoacoustic inversions [20, 21], but is consistent with the geologic and seismic 
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data [57] obtained in the wider area of the Florida’s Atlantic shelf. Several possible 
explanations of the basement sound speed discrepancy between the present and previous 
inversions results [20, 21] have been discussed, but further research is required to fully 
reconcile the results.  
Application of the time-warping transform has allowed us to retrieve additional 
environmental information from the measured noise cross-correlation function and extend 
the usable frequency band from 20–70 Hz [12, 17, 20, 21] to 20–100 Hz. Retrieval of mode 
dispersion curves for sound propagating in opposite directions between two hydrophones 
(i.e., up and down the Florida current) resulted in a more accurate separation of the 
reciprocal and flow-induced non-reciprocal components of the travel times than is possible 
in the full field. The non-reciprocal component of the mode travel times proved to be non-
negligible in the dispersion curve-based geoacoustic inversion. The feasibility of using the 
mode travel time non-reciprocity to extend the earlier passive measurements of depth-
averaged flow velocity [37] and characterize the flow velocity depth-dependence will be 
addressed in future research.  
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III. SHALLOW WATER 2006 EXPERIMENT 
Parts of this chapter were based on publication [1]. This chapter was submitted on 
October 14, 2019, and is currently under review for publication as of Nov 4, 2019 [4]: Tsu 
Wei Tan, Oleg A. Godin, Boris G. Katsnelson, and Marina Yarina, “Passive geoacoustic 
inversion in a dynamic environment on a continental shelf,” The Journal of Acoustical 
Society of America. AIP Publishing permits re-printing. Submission of an article implies 
that the work described has not been published previously except in the form of an abstract, 
a published lecture, or academic thesis.  
A. INTRODUCTION 
Acoustic noise interferometry [9-11] exploits ambient and shipping noise as a 
signal to probe the ocean and offers a way to measure its physical parameters without using 
any controlled sound sources [13, 15-17]. The technique relies on time averaging to retrieve 
an approximation to the deterministic Green’s function (GF), or empirical GF, from noise 
cross-correlations. In shallow water, the basic assumption [9, 11, 36] that the environment 
does not change during noise averaging time is hardly compatible with temporal variability 
of the ocean. Theory [52] and experiments in coastal oceans with mild temporal variability 
[15-17] indicate that the assumption can be significantly relaxed. The goal of this chapter 
is to investigate the feasibility of using noise interferometry for passive acoustic 
characterization of the seabed in a coastal ocean with strong and rapid variations of the 
water column properties. We obtain empirical GFs from noise cross-correlations on 
multiple paths in a highly dynamic environment [60, 61] on the U.S. continental shelf 
(Section B), apply time-warping transform [2, 26, 62] to retrieve dispersion curves of 
normal modes from the GFs (Section C), invert the passively measured dispersion curves 
to estimate parameters of the seabed (Section D), and compare results of the passive and 
active geoacoustic inversions (Section E). 
B. EXPERIMENTAL DATA AND NOISE CROSS-CORRELATIONS 
The data employed in this study are the records of shipping and ambient noise 
obtained in the course of the Shallow Water 2006 (SW06) experiment [60, 61] on the U.S. 
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continental shelf off New Jersey. We use time series of noise continuously recorded during 
15 days from August 18 to September 1, 2006 on a Single Hydrophone Receiving Unit 
(SHRU) and 32-hydrophone horizontal line array (HLA). The spacing of HLA 
hydrophones is 15 m, and the distance between SHRU and the HLA hydrophones ranges 
between 3.4 and 3.8 km [Figure 17]. SHRU and HLA hydrophones are located close to the 
seafloor. The two systems share the same sampling frequency and data format [60], which 
facilitates data processing. 
 
Locations of the SHRU and horizontal line array (HLA) employed in this study. Water 
depth (in meters) is shown by color of the isobaths. 
Figure 17. Bathymetry between SHRU and HLA at the SW06 
experiment 
The SW06 site is known for strong and rapid variations of the sound speed in the 
water column due to energetic internal gravity waves, including internal tides [61]. Figure 
18 shows sound speed measured with a vertical thermistor chain [60] that was deployed in 
the vicinity of the southern end of the HLA. Internal tides depress the thermocline by tens 
of meters in a quasi-periodic manner causing sound speed variations up to 10 m/s from the 
mean [Figure 18] and making the environment rather challenging for application of 
acoustic noise interferometry.  
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Time-dependence of the sound speed in water (shown by color) measured at a location near 
the northern end of the HLA, with the fifteen-day average of the sound speed profile (black 
line) superimposed 
Figure 18. Sound speed profile measured during the SW06 experiment 
We have calculated cross-correlation functions between the acoustic pressure 
recorded at SHRU and each of the HLA hydrophones [Figure 19].  
 
Noise cross-correlation functions (NCCFs) between SHRU and individual hydrophones of 
HLA are shown as functions of the time delay τ and the number, 1 to 32, of the HLA 
hydrophone. Color indicates NCCF value (in arbitrary units). NCCFs are calculated using 
15 days of noise records 
Figure 19. Two-point cross-correlation functions of noise measured 
during the SW06 experiment 
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Following references [2, 17], the NCCF between SHRU and i-th hydrophone of 
HLA is first evaluated in the frequency domain as an average over N non-overlapping time 
windows: 
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H iP f  are the 
Fourier transform of pressure recorded during the n-th time window by SHRU and i-th 
HLA hydrophone, respectively. Normalizing the spectra by their absolute values in the 
summand in Equation (3.1) implements the spectral pre-whitening that, in the noise 
interferometry context, is known to suppress contributions of strong, transient non-diffuse 
noise sources such as nearby shipping [15, 17]. The time domain NCCFs Ci(τ) are obtained 
via inverse Fourier transform of Equation (3.1). For brevity, the negative (τ < 0) and 
positive (τ > 0) time-delay parts of Ci(τ) will be referred to as N-NCCF and P-NCCF. These 
approximate, respectively, the acoustic GFs that describe sound propagation from the i-th 
HLA hydrophone to SHRU and from SHRU to the hydrophone [9, 11]. 
Time-window length of 64 s was chosen in implementing Equation (3.1). HLA 
hydrophone #31 malfunctioned during the experiment [63] and did not produce useful data. 
Thus, NCCFs were obtained only for 31 receiver pairs. In motionless media with perfectly 
diffuse noise, NCCFs are an even function of τ [9, 11], and asymmetry of measured NCCFs 
is due to a shift between the internal clocks used at the two receivers [16, 17]. Cross-
correlation of P-NCCF with N-NCCF for the same receiver pair, which was done for all 31 
pairs, revealed a shift of 0.896 s between the SHRU and HLA clocks. Being much smaller 
than the time-window length, the clock shift has a negligible effect on the quality of NCCF 
estimates and has been corrected by shifting all Ci(τ) by 0.896 s along the time-delay axis.  
With random noise sources, the sum in the right side of Equation (3.1) is also a 
random function. In a time-independent environment, it is expected to converge to a 
deterministic NCCF when noise averaging time is sufficiently long [15, 36], i.e., the 
number N of time windows is sufficiently large. Figure 20 (animation) shows the evolution 
of the time-domain NCCF estimate based on Equation (3.1) for 31 receiver pairs, when 
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noise averaging time increases from 1 to 15 days, starting from 18 August 2006. The 
frequency band 10 Hz < f < 110 Hz is used to obtain the time-domain NCCFs in Figure 19 
and Figure 20 and Figure 21. The deterministic features of the NCCFs gradually emerge 
and become increasingly clear as more daily averages are stacked, as shown in Figure 20 
(animation). About 10 days of noise averaging is sufficient to reach a stable estimate of all 
NCCFs. Since noise sources are intermittent, the signal strengths of both P-NCCFs and N-
NCCFs do not increase monotonically. In noise interferometry, the deterministic 
component of NCCF estimates serves as the signal, and signal-to-noise ratio (SNR) is 
understood as the ratio of amplitudes of the deterministic and random components of an 
NCCF estimate. It is interesting to observe that P-NCCFs accumulate faster than N-NCCFs 
in the first five days, and after that both approach stability in a qualitatively similar way. 
We found that certain days, such as days 6 and 12 in Figure 20, produce N-NCCF estimates 
with a particularly high SNR. Averaging noise recorded during 2–3 of such “good days” 
results in N-NCCF estimates with SNR close to that of the much longer, fifteen-day 
averages shown in Figure 19. 
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Please install the free software Adobe Flash Player to see this .mov animation. 
Figure 20. (Animation) cumulative fifteen-day NCCFs averages from 
18 Aug – 1 Sep. 
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Please install the free software Adobe Flash Player to see this .mov animation. 
Figure 21. (Animation) waveforms of fifteen-day averaged 31 P-
NCCFs and N-NCCFs. 
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Figure 21 (animation) shows individual P-NCCFs and N-NCCFs of Ci(τ) in Figure 
19 in the order of increasing i = 1, 2, …, 32. Note that the SNR decreases as the horizontal 
distance from SHRU to the HLA hydrophone increases. The decrease appears to be faster 
than that of the GF amplitude. This observation can be due, in part, to the noise directivity 
in the horizontal plane [11]. Variations of the sound speed profile and sea surface geometry 
in time also contribute to the more rapid decrease of the NCCF’s SNR with range than in 
the time-independent environment [52]. Moreover, the suppression of the coherent 
(deterministic) component of NCCF estimates due to time dependence of the propagation 
conditions tends to increase with acoustic frequency [52]. For individual normal mode 
components of NCCF in a shallow-water waveguide, the suppression is also predicted to 
increase with the mode order [52]. We found that the SNR estimate of the Equation (3.1)-
based NCCF in time domain becomes rather low and the signal is lost in noise at 
frequencies above about 110 Hz. No useful NCCFs were derived from the available data 
at these frequencies. We attribute this characteristic to the coherence loss of time averages 
in the rapidly evolving environment. The subsequent analysis will be limited to 10–110 Hz 
frequency band.  
Figure 20 and Figure 21 (animations) show additional NCCF peaks that appear at 
positive time delays τ shortly before the main peaks of P-NCCFs. The additional peaks 
form a line in Figure 19. We interpret the additional peak as a spurious arrival from a non-
diffuse noise source. Position of the additional peaks is found to be consistent with the non-
diffuse noise source being a shipping lane leading to and from New York Harbor, which is 
located about 120 NM from HLA. The same interpretation was proposed earlier [64] for 
the spurious arrival observed in NCCF for a different pair of SW06 receivers. The spurious 
arrivals partially overlap with the main peaks and distort the P-NCCFs, especially on the 
northern side of HLA [Figure 17]. As a result, only N-NCCFs are used in this study as 
inputs to retrieve normal mode dispersion curves and perform geoacoustic inversions. 
C. RETRIEVING ACOUSTIC NORMAL MODE TRAVEL TIMES BY TIME 
WARPING 
Time warping transform maps a signal ( )S   into the “warped” signal 
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where  w   has the meaning of time in the warped domain. Transform Equation (3.2) 
with the warping function    
1/2
2 2
rw     has been used successfully to isolate normal 
mode components of the acoustic field in shallow-water waveguides [2, 26, 62]. Here τ = 
0 at the moment when the signal is emitted by a sound source. Reference time τr in the 
warping function can be defined as τr = r/cw, where r is the sound propagation range and 
cw is a representative value of sound speed in water. In the noise interferometry context, r 
is the distance between two receivers. The inverse time-warping transform is 
   
1/2
2 2
rw     , which restores the original signal from the warped one [26] and [30] 
has the property  w w     .
 
We use measured N-NCCFs as the signals to probe the environment. Then Si(τ) = 
Ci(–τ), τ > 0,  i = 1, 2, …, 32. The spectrogram of S1(τ)  is shown in Figure 22. The 
spectrogram shows a strong mode interference that manifests itself most clearly in a 
sequence of deep interference nulls. It does not appear possible to identify individual mode 
contributions, and to retrieve mode dispersion curves from the spectrogram. However, 
normal mode components occupy distinct frequency bands and are clearly separated in the 
spectrogram of the warped signal  1S w  in Figure 23. In the warping function w(τ), r  has 
the meaning of the earliest arrival time of the received signal being warped. For each 
receiver pair, it has been determined from the condition that modes are best separated and 
fully resolved in the warped domain. For instance, the optimum reference time for  1S w  
is τr ≈ 2.28 s. Equivalent values of cw in the equation τr = r/cw for the optimum reference 
times prove to be close to the minimum of the sound speed profile in Figure 18.  
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Spectrogram of the negative-time-delay part, N-NCCF, of the cross-correlation C1(τ) 
between SHRU and the first HLA hydrophone. Spectral density is shown by color in dB 
relative to an arbitrary reference. Overlaid white lines display estimated dispersion curves 
of the first three normal modes. 
Figure 22. Spectrogram of the N-NCCF 
 
Contributions of individual normal modes are indicated. The area within white dashed lines 
is the time-frequency mask applied to isolate mode 2 as an unwarping stage of signal 
processing. 
Figure 23. Spectrogram of the N-NCCF after time warping. 
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The spectrogram of the warped signal allows one to define time-frequency (TF) 
masks [26] as areas in the warped time-warped frequency plane, where energy of a single 
mode is concentrated and no other modes are present. TF mask of a particular mode is 
illustrated in Figure 23. To isolate the contribution of mode m to the signal Si(τ), a 
respective TF mask is applied to the short-time Fourier transform of  .iS w  Inverse short-
time Fourier transform of the result gives the mode’s waveform in the warped domain, 
which is unwarped back to the physical domain by application of the inverse time-warping 
transform. Spectrogram of the mode 2 component of S1(τ) is illustrated in Figure 24. As 
expected, it shows no signs of mode interference. 
 
Spectrogram of the mode 2 only waveform after unwarping. White line shows the mode 2 
dispersion curve retrieved from the spectrogram.  
Figure 24. Spectrogram of the mode 2 waveform after unwarping 
In a spectrogram of a single-mode broadband waveform the peak values with 
respect to time at any given frequency lie close to the travel time, which corresponds to the 
mode’s group speed at that frequency. Dependence of the travel time on frequency is most 
accurately extracted from the spectrogram using the reassignment process [50], which 
improves the resolution of TF distribution by reallocating the energy concentration. The 
result of application of the reassignment process is illustrated in Figure 24 for mode 2 
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component of signal S1(τ). The procedure was repeated and frequency dependence of the 
travel time was determined for the first 3 modes using optimum, mode- and HLA 
hydrophone-specific TF masks for all 31 measured N-NCCFs. 
D. GEOACOUSTIC INVERSION 
The input acoustic data for this geoacoustic inversion (Figure 25) are the travel 
times of modes m = 1–3 measured on 31 paths. Assuming range-independent propagation, 
the data for each mode can be combined in terms of the group speed  , ,( )i m i i mg f r t f  
of the mode. Here ri is the horizontal distance between SHRU and i-th HLA hydrophone. 
Averaging gi,m over i has the advantage of significantly suppressing random measurement 
errors. The frequency dependence of the path-averaged group speeds  mg f   and 
uncertainty of their measurements are illustrated in Figure 25(b). The uncertainty is 
evaluated at each frequency as the square root of the sample variance of 31 measurements. 
 
(a) Range-independent environmental model implied in the inversion process. The 
unknown parameters to be determined are the water depth D, sediment layer thickness H, 
sound speeds cs, cb in the sediment and basement, and the ratios ρs, ρb of densities in the 
sediment and basement to that in seawater. Sound speed profile in water is assumed to be 
known. (b) Normal mode dispersion curves. Red solid lines are the passively measured 
frequency dependencies of the mode group speeds, with error bars shown in blue for 
selected frequency bins. Black dashed lines are the dispersion curves in the best-fitting 
environment found by solving the inverse problem. 
Figure 25. Geoacoustic inversion 
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The actual propagation environment is horizontally inhomogeneous. The water 
depths at SHRU and HLA are 82 m and 78 m, respectively [52]. Within the triangle with 
vertices at SHRU and hydrophones 1 and 32 of HLA [Figure 17], water depths are 76–85 
m with the average of 80.6 m. We modeled the effect of bathymetry on the mode travel 
times in the Nx2D approximation assuming adiabatic propagation [3]. Water column and 
seabed parameters in the simulations were taken from the optimal environmental model 
[see Figure 25(a) and Table 3] discussed later in this Section. We found that the differences 
between travel times over actual, range-dependent bathymetry on a path and in the range-
independent waveguide with the path-average water depth to be small compared to the 
measurement errors on a single path. For instance, for m = 3 and on a typical path i = 16 at 
frequency of 50 Hz, range dependence of the bathymetry changes the mode travel time by 
about 30% of the measurement uncertainty shown in Figure 25(b). The largest effects of 
the range-dependence were found for mode 3, for which measurement uncertainties are 
also larger. In the simulations, effects of changes in the path-averaged depth were found to 
be significantly stronger than those of variations from the average. We conclude that, with 
the data available, the advantages of measurement error suppression by path averaging far 
outweigh any possible benefits of including a range-dependent bathymetry in geoacoustic 
inversions. 
Table 3. Geoacoustic inversion parameters and results 
Parameter Unit Search bounds Step Inversion results 
H m [5, 30] 2.5 15 
cs m/s [1500, 1700] 20 1620 
ρs – [1.1, 1.9] 0.1 1.4 
cb m/s [1700, 2100] 25 2050 
ρb – [1.3, 2.5] 0.15 2.35 
D m [77, 83] 1 81 
 
We conducted a geoacoustic inversion assuming a range-independent 
environmental model with a fluid seabed formed by a homogeneous sediment layer 
overlying a homogeneous half-space, and a known sound speed profile in water [Figure 
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25(a)]. Sound speed in water is given by the time-averaged profile shown in Figure 18. The 
unknown parameters of the model are the water depth D, sediment layer thickness H, sound 
speeds cs, cb in the sediment and basement, and the ratios ρs, ρb of densities in the sediment 
and half-space to that in seawater. 
The unknown parameters are found by minimizing the mismatch 
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between the measured,  mg f , and modeled group speeds of normal modes. Here M = 3 
is the number of normal modes identified, and N is the number of frequency bins to be 
compared between the measured and modeled mode dispersion curves. The modeled group 
speeds  ˆ ,Um ng f  are calculated by the normal mode code KRAKEN [53] for various 
values of the vector U = [H, cs , ρs, cb, ρb, D] of unknown environmental parameters.  
The minimum  ˆ 2.32K U m/s of the cost function  UK in Equation (3.3) is 
found by exhaustive search on a regular grid in the six-dimensional parameters space. 
Table 3 summarizes parameters of the grid and the optimal environmental model, which 
minimizes the data-model mismatch. The choice of search bounds for the geoacoustic 
parameters (Table 3) was informed by results of the previous geoacoustic studies [26, 65-
67] at the SW06 site. Sensitivity of the cost function to variations of individual search 
parameters is illustrated in Figure 26. As a function of water depth, the mismatch is 
minimal at D = 81 m, which is close to the average depth of 80.6 m. Sediment layer 
parameters, especially H and cs, are well constrained with the mode dispersion data, while 
sensitivity to cb and especially ρb is lower [Figure 26]. Figure 25(b) compares normal mode 
dispersion curves in the optimal environmental model with the measured group speeds. 
Note that the mismatch is small compared to measurement uncertainties, except at higher 
frequencies, where modal group speeds are most sensitive to variations of the sound speed 
in water. The inversion results are further discussed in the next section and compared to 
geoacoustic models derived in other studies.  
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Sensitivity of the data-model mismatch to individual parameters of the environmental 
model. In each panel, the cost function  UK , Equation (3.3), is plotted as a function of 
a single search parameter for all possible values of the other five parameters. Red circle 
indicates the position of the cost function minimum  ˆ 2.32K U m/s and the inferred 
value of each parameter. Only values of  UK up to 4 m/s are shown. 
Figure 26. Sensitivity of geoacoustic inversion 
E. DISCUSSION 
As demonstrated in Sections. C and D, empirical GFs have been retrieved from 
NCCFs in the 10–110 Hz frequency band with accuracy sufficient to characterize 
geoacoustic properties of the seabed, despite very strong variations of the sound speed in 
water (Figure 18) during the noise averaging time. Application of noise interferometry to 
SW06 data was first reported at much shorter ranges from tens to a few hundred meters 
[63, 68] and with shorter averaging times. No environmental information was retrieved 
from the short-range empirical GFs, which were obtained in the 20–100 Hz band [63, 68]. 
With 5.7-day noise averaging time, Qin et al. [64] calculated NCCF in the 10–70 Hz band 
for two SHRUs about 8 km apart and used the passive time-reversal mirror technique to 
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carry out a geoacoustic inversion assuming a homogeneous fluid seabed. From a subset of 
the data employed in the present study, Tan et al. [1] found empirical GFs in the 10–90 Hz 
frequency band from 7-day noise averages and performed a time-warping-based 
geoacoustic inversion using a single hydrophone pair. Compared to the previous work [1], 
a longer averaging time and especially combining the results for 31 hydrophone pairs have 
allowed us here to expand the bandwidth and significantly increase the accuracy of retrieval 
of mode dispersion curves from the noise cross-correlations. 
Within the chosen parameterization of the seabed properties [Figure 25(a)], 
robustness of the geoacoustic inversion was investigated by employing a different cost 
function and varying the bandwidth of input data. If the cost function is chosen as the 
mismatch in the path-average of the group slowness,  ,1 ,i m ng f rather than the mode group 
speed  , ,i m ng f  solution of the inverse problem changes insignificantly: the inverted 
sediment properties H, cs and ρs remain unchanged, and the basement properties shift by 
only one grid step. 
Using mode group speed measurements at the lowest available frequencies was 
found critical to ensure sensitivity to the sediment layer and especially the half-space 
parameters. In contrast, decreasing the upper frequency from 110 Hz to 90 Hz appreciably 
changed only the optimum value of the water depth; ρb value changed by one grid step, and 
the other geoacoustic parameters were unaffected. These findings are consistent with 
results of the forward modeling, which shows that the group speeds at these frequencies 
are most sensitive to sound speed in water, and suggests the possibility of using the upper 
part of the available frequency band to characterize the water column properties. 
Previous geoacoustic inversions at the SW06 site, which were performed using data 
obtained with various active techniques, gave a wide range of values of compressional 
wave speeds of 1560–1680 m/s in the upper sediment (up to few tens of meters below the 
seafloor) and 1650–2199 m/s in deeper layers (basement), as References [66, 67, 69]. 
Sediment and basement densities, either estimated or assumed in inversions, are 1.55–2.30 
g/cm3 and 2.13–2.96 g/cm3, respectively [65, 67, 69]. The range of geoacoustic parameters’ 
estimates is very large because the geologic structure of the seabed changes rapidly with 
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horizontal coordinates [70] and also because of differences in the acoustic frequencies, 
from 20 to 1000 Hz, and inversion approaches used. In terms of geographic proximity, 
geologic similarity [67, 70], and acoustic frequencies used, the studies in [26], [71] and 
Region 42 in [69] are most closely related to the present study. Using a signal from an 
imploding lightbulb, Bonnel and Chapman [26] measured normal mode dispersion curves 
in a roughly 30–170 Hz band and found the following values of the geoacoustic parameters: 
cs = 1603 m/s, cb = 2199 m/s, H = 26.9 m, ρs = 1.89, ρb = 2.28. Our results (Table 3) for the 
basement parameters agree well with estimates in [26], certainly within the uncertainty of 
the estimates. Comparison of Figure 26 with Fig. 4 in [26] indicates that the passive 
inversion is considerably more sensitive to cb as well as H that was not reliably retrieved 
in [26], which can be attributed to our data containing lower acoustic frequencies. Results 
for cs in Table 3 and [26] are reasonably close, although the higher sediment sound speed 
obtained in the present study agrees better with other results in the area, as discussed below. 
However, our estimate of ρs is significantly lower than in [26]. The sediment density in 
Table 3 is lower than expected and previously reported. A possible reason for ρs 
underestimation is that the inversion returns an effective density value, which incorporates, 
within the fluid bottom model, the low-frequency effects of shear rigidity of the sediments 
[2]. 
Comparison with results of [69] and [71], which use data obtained with towed 
sources in 30–120 Hz and 50–175 Hz bands, respectively, and which refer to much wider 
areas and report range-dependent inversions, is further complicated by the differences in 
the geoacoustic model parameterization. The results [69, 71] provide much higher vertical 
resolution of sound speed in the seabed but presuppose a fixed density stratification and, 
in [71], the depth of a strongly reflective interface (R-reflector) within the seabed. There is 
a similarity between gross features of sediment sound speed stratification in the 
geoacoustic models in [69], [71], and the present study (see Fig. 16b in [69]). When 
averaged from the seafloor down, the average sound speed reaches cs = 1620 m/s at about 
11.0 m and 18.5 m in Refs. [69] and [71], respectively. The value H = 15 m in Table 3 is 
close to the average of these depths. However, the cb values, 1725 m/s [71] and 1765 m/s 
[69], are much smaller than in Table 3. The larger cb values suggested by Bonnel and 
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Chapman [26] and the present study were apparently not explored in the perturbative 
inversions [69, 71]. Other possible reasons for the discrepancy include the effects of shear 
rigidity and horizontal refraction, which manifest differently on distinct paths and in 
different frequency bands and were not considered in any of the inversions. Very large cb 
biases, up to hundreds of m/s, due to neglect of horizontal refraction were recently reported 
[3] for moderate slopes of a few degrees of the seafloor; the bias has opposite signs for 
tonal [71] and broadband modal data.  
F. CONCLUSION 
We have demonstrated that robust estimates of empirical Green’s functions can be 
obtained from noise cross-correlations in a dynamic coastal ocean despite internal wave-
induced strong, rapid variations of the sound speed in water. Passively measured dispersion 
curves of low-order acoustic normal modes have been inverted for geoacoustic parameters 
of the seabed. The results are largely consistent with earlier geoacoustic inversions 
employing controlled sound sources in the same general area.  
Future work includes using a higher-frequency portion of passively measured 
modal dispersion curves to characterize the water column variability and extending 
geoacoustic inversions to horizontally inhomogeneous environmental models.   
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IV. NORMAL MODE DISPERSION AND TIME WARPING IN 
THE COASTAL OCEAN 
This chapter was previously published as [3]: Oleg A. Godin, Boris G. Katsnelson, 
and Tsu Wei Tan, “Normal mode dispersion and time warping in the coastal ocean,” 
The Journal of Acoustical Society of America, vol. 146, no. 3, pp. EL205-211, 2019. 
https://doi.org/10.1121/1.5125270. Re-print permission is granted by AIP 
Publishing. AIP Publishing permits authors to include their published articles in a 
thesis or dissertation. 
A. INTRODUCTION 
Time-warping transform [25] has been very successful and is increasingly 
employed in shallow water acoustics to isolate normal mode components of the field due 
to a compact, broadband sound source [26, 27, 42, 72, 73] or two-point cross-correlation 
function of diffuse noise [1, 44] and to measure mode travel times as a function of 
frequency. The time-warping transform was developed for range-independent waveguides 
with pressure release or rigid boundaries [25]. Dispersion curves in range-independent 
shallow-water waveguides are qualitatively different from the ideal waveguide by having 
an anomalous dispersion, or ground wave, part [23]. Physical parameters of the ocean are 
never quite constant in the horizontal plane, and bathymetry variations are typically 
responsible for a major part of the waveguide’s horizontal inhomogeneity in the coastal 
ocean. In this dissertation, using simple models of the coastal ocean we show that seafloor 
slopes contribute to the success of the warping technique by making mode dispersion 
curves more similar to the dispersion curves in an ideal waveguide. We also show that 
seafloor slopes may provide an explanation for the observation [1, 26, 27] that warping-
based geoacoustic inversions of mode travel times tend to return higher estimates of sound 
speed in the seabed than other inversion techniques. 
B. TRAVEL TIMES OF ADIABATIC NORMAL MODES 
Introduce a Cartesian coordinate system with horizontal coordinates x and y and a 
vertical coordinate z. Let a homogeneous fluid layer with sound speed c and density ρ be 
located between plane boundaries z = 0 and z = H with normal impedances Z0 and ZH, 
respectively. By imposing the boundary conditions of impedance continuity at z = 0 and z 
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= H on the solution of 1-D wave equation in the homogeneous fluid layer, we obtain the 
dispersion relation  
    
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  (5.1) 
of the acoustic normal modes supported by the waveguide. Here ω and cn are the wave 
frequency and phase speed of n-th normal mode, n = 1, 2, … . If the impedances depend 
only on the angle of incidence of a plane wave (or, equivalently, on cn) and are independent 
of ω, wave frequency enters the dispersion equation (5.1) only in the combination ωH. We 
will refer to such media as simple waveguides, for brevity. Examples of simple waveguides 
include a fluid layer with ideal (pressure-release and/or rigid) boundaries, a layer with a 
pressure-release boundary z = 0 and a homogeneous fluid (Pekeris waveguide) or solid 
half-space [23] at z > H, etc. Using well-known input impedances of fluid and solid half-
spaces, it is straightforward to check that Equation (5.1) reduces to previously established 
normal mode dispersion relations (see, e.g., [23]) in these special cases. 
We use simple waveguides to model sound propagation in the coastal ocean. If 
water depth H depends on x and y, the waveguide becomes horizontally inhomogeneous. 
(Horizontal gradients of the sound speed also make the waveguide horizontally 
inhomogeneous but are not considered in this dissertation.) Then, within the adiabatic 
approximation, also known as the vertical modes and horizontal rays theory [51, 74], 
Equation (5.1) determines phase speed and the group speed  
1
1
n nu c 

   
 
 of 
adiabatic normal modes at each horizontal position (x, y). Consider downslope propagation 
in a coastal wedge, where water depth   0 cotH x H x   . In the adiabatic 
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Here H1 and H2 are the water depths at the source and receiver locations, H1 < H2; α is the 
angle that the seafloor makes with the horizontal plane. At upslope propagation, mode 
travel time is again given by Equation(5.2), where H1 and H2 are now the receiver and 
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source depths, respectively. Since the phase speed cn depends on ω and H only via the 
combination ωH,   
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 (5.3) 
Substitution of the right-most side of Equation (5.3) into Equation (5.2) gives a closed-
form expression for mode travel time:  
 















  (5.4) 
It is straightforward to extend this result to a more complicated bathymetry, where water 
depth is piece-wise linear function of x. Then, the mode travel time is given by the sum of 
contributions Equation (5.4) in each segment with a constant bottom slope, the slope α 
being different in each segment.  
In the particular case of a wedge with pressure release (impedance Z = 0) and/or 
rigid (Z = ∞) boundaries, the dispersion relation (5.1) gives the well-known expressions   
    
1/2
2 2 21 , , 2n n n n nc c F f u c c F n c H

       (5.5) 
for the phase and group speeds. Here f = ω/2π, Fn is the cutoff frequency of n-th normal 
mode, β = 0.5 if one boundary is pressure-release and the other is rigid, β = 0 or 1 when 
both boundaries are pressure release or rigid, respectively. Using Equation (5.5), it is easy 
to integrate over H in Equation (5.2) and verify validity of Equation (5.4) in this particular 
case.  
At upslope propagation in a waveguide with ideal boundaries, the group speed turns 
to zero at the mode cutoff. Nevertheless, the mode travel time to the mode’s cutoff is finite 
in the wedge:  2 2cot ,n nT H c H   according to Equation (5.4), since the phase speed 
cn in Equation (5.5) is infinite at the cutoff. If a source and a receiver are located at points 
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(x1, y, z1) and (x2, y, z2) and the smaller of water depths H1 = H(x1) and H2 = H(x2) is larger 
than the depth at the cutoff of n-th normal mode, there will be two arrivals of the mode. 
One arrival corresponds to a direct, up- or downslope path. The travel time for this arrival 
is given by Equation (5.4). On the other path, normal mode first propagates from the source 
upslope to the mode’s cutoff, is totally reflected there [51], and then propagates downslope 
to the receiver. The travel time on the reflected path differs from that on the direct path by 
replacing the minus sign with plus in the brackets in the right side of Equation (5.4). 
Up- and downslope propagation in a wedge with either fluid or solid penetrable 
bottom can be analyzed in a similar fashion. In particular, when the bottom is a fluid with 
sound speed cb > c and density ρb = mρ, the impedance  
1/2
2 2 ,H n bZ im c c

    and it 
follows from the dispersion relation (5.1) that phase and group speeds at the mode cutoff 
equal cb, and cutoff frequencies   
1/2
2 22 1 4n bF n c c H

    [23, 51]. Using Equation 
(5.4), we find mode travel time to its cutoff at upslope propagation from a source at (x2, y, 





















  (5.6) 
In the limit cb → ∞, Equation (5.6) reduces to the rigid-bottom result given above, as 
expected. 
In horizontally inhomogeneous waveguides, adiabatic normal modes propagate 
along horizontal (modal) rays, which generally have non-zero curvature, except when 
cross-range environmental gradients, including the cross-range slope of the seafloor, equal 
zero. Since waveguide parameters are independent of the cross-slope horizontal coordinate 
y in the coastal wedge, the y-component of the wave vector (kx, ky, 0) of the mode is constant 
along the modal ray; 
2 2 2 2
x y nk k c  [51, 74]. Let H(x) = x cotα , 0 < α < π/2. Then x-
component of the wave vector increases with x on the modal ray. If kx > 0 at the source, the 
mode propagates towards increasing x, i.e., deeper water. If kx < 0 at the source, the mode 
propagates towards the coastline, reaches a turning point, where kx = 0, and then propagates 
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towards deeper water. The turning point occurs at such depth Ht that ky = ω/cn(ω, Ht). 
When |ky| < ω/cb in the penetrable wedge, the mode reaches its cutoff, where the mode’s 
energy is radiated into the bottom, before it reaches a turning point, and the horizontal ray 
terminates. Geometry of horizontal rays emanating from a sound source at (xs, 0, z) in the 
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Here Fn(xs) and ψ are the cutoff frequency and the angle between the ray and x coordinate 
axis at the source location. For a detailed discussion of geometry of horizontal rays and 
their caustic, see [75] and [76]. 
On a horizontal ray, increments of the mode travel time and cross-slope 
displacement are  
1
, .n x n n y xdT k c u dx dy k dx k

  Using Equation (5.3) for the group 
speed and integrating by parts, we find  
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on a horizontal ray without turning points. If the ray turns before reaching the receiver, 
mode travel time is calculated by using Equation (5.8) to find travel times to and from the 
turning point. In the ideal wedge, 
1 sin cosy nk c  
 in Equation (5.8) is found 
analytically for any source and receiver positions by solving the quadratic equation (5.7) 
for cotψ. In the penetrable wedge, ky needs to be found numerically for a given y ≠ 0.  
C. EFFECTS OF THE SEAFLOOR SLOPE ON NORMAL-MODE 
DISPERSION 
In application to shallow-water acoustic waveguides, time-warping transform 
allows one to separate contributions of individual normal modes into acoustic field and 
retrieve modal dispersion curves without using hydrophone arrays [1, 26, 27, 42, 44, 72, 
73]. “Warped time,” tw, and signal frequency in the warped domain, fw, are given by the 
equations [25-27] 
64 
  2 2 2 2, 1 .w r w rt t t f f t t t      (5.9) 
It is assumed that signal is emitted at t = 0. Here tr and f(t) are a reference travel time and 
the instantaneous frequency of the signal arriving at the receiver at time t. In a range-
independent waveguide with a uniform water column, reference travel time tr = r/c, where 
r is range, i.e., source-receiver horizontal separation. If the dispersion curve of a normal 
mode is found in the physical domain, Equation (5.9) maps the dispersion curve into the 
warped domain, and vice versa. For instance, according to Equation (5.5), application of 
the transform (5.9) to range-independent waveguides with ideal boundaries gives fw = Fn 
for all values of tw, 0 < tw < ∞, where Fn is the cut-off frequency of the normal mode. 
Hence, the dispersion curves of all normal modes are straight lines fw = Fn in the warped 
domain. 
In application of the warping transform to sound propagation in a coastal wedge, 
we will also use tr = r/c. In the ideal wedge this value coincides with the minimal mode 
travel time, see Equations (5.2) and  (5.5). Figure 27 illustrates the dependence of mode 
travel time on the mode order and frequency at upslope and downslope propagation in a 
wedge, as predicted by Equations (5.4) and (5.9). In this case, the problem is essentially 
two-dimensional (2-D). Note that wave frequency and warped frequency scale with depth 
as c/H. When the ratio of source and receiver depths is fixed, mode travel times and warped 
travel times scale as cotα; other than that, the graphs shown in Figure 27 are unaffected by 
the bottom slope. The example presented in Figure 27 refers to strong range dependence, 
where water depths at the source and receiver points differ by the factor of 2. 
65 
 
Source and receiver are located on a line perpendicular to the coast, with the water depths 
being 100 m and 50 m at the two locations. Sound speed in water is 1500 m/s, seafloor 
slope is 0.05 rad ≈ 2.86°. Sound is radiated in the 10–150 Hz frequency band. Mode order 
n is indicated in the figures. (a, c) Mode travel times in an ideal wedge with rigid bottom 
are shown for direct up- or downslope propagation between the source and receiver (solid 
lines) and for modes propagating downslope after reflection from their respective mode 
cut-offs at shallower depths (dotted lines). Mode travel times over the same range of 999.2 
m in a range-independent waveguide with the same average depth of 75 m are shown by 
dashed lines. (b, d) Mode travel times in a penetrable wedge with a fluid bottom are shown 
by solid lines for up- or downslope propagation between the source and receiver. Dashed 
lines show mode travel times in a range-independent Pekeris waveguide with the same 
propagation range and average depth. Sound speed in the fluid bottom cb =1800 m/s, the 
ratio of bottom and water densities m = 2.2. 
Figure 27. Dispersion curves of the first four adiabatic normal modes 
in the physical (a, c) and warped (b, d) domains at upslope or 
downslope propagation in a coastal wedge.  
In the ideal wedge, travel time of reflected mode increases with increasing 
frequency, which is qualitatively different from the range-independent waveguide. 
Dispersion curves of the direct mode arrivals also systematically deviate from those in a 
range-independent waveguide with the same average depth but in a more subtle way 
(Figure 27a). The warped frequencies of individual normal modes are no longer constant 
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and steadily increase with the warped travel time. The warped frequencies are higher than 
in a range-independent waveguide with the same average depth.  
In the adiabatic approximation, a normal mode propagating upslope radiates all its 
energy into the bottom in the vicinity of the mode’s cutoff in the penetrable wedge [51]. In 
contrast to the ideal wedge, there is no reflection from the cutoff. As a function of 
frequency, mode group speed un in the range-independent Pekeris waveguide has a 
minimum [23], which separates the lower-frequency “ground wave,” where un decreases 
with increasing frequency from un = cb at cutoff frequency to the minimum (anomalous 
dispersion), and the higher-frequency “water wave,” where ∂un/∂ω > 0 (normal dispersion) 
(Figure 27c). The most apparent difference between the dispersion curves in the penetrable 
wedge and in a range-independent waveguide with the same average depth is the 
disappearance (for modes n = 2, 3, 4) or contraction (for mode 1) of the anomalous 
dispersion part of the curves (Figure 27d). In addition, at normal dispersion, instantaneous 
frequencies tend to be higher, at a given travel time, in the wedge than in the Pekeris 
waveguide. Another important difference from the range-independent case is the decrease 
in the maximum travel time (Figure 27d). This can be attributed to the minimum group 
speed occurring at different frequencies at different depths, so that at all frequencies only 
a small portion of the entire up- or downslope propagation path is travelled at near-
minimum group speeds. In the warped domain, contraction of the frequency range or 
complete disappearance of the anomalous dispersion part gives the warping results in the 
penetrable wedge (Figure 27d) a much closer resemblance of the results in the range-
independent ideal waveguide than in the case of the Pekeris waveguide.  
Seafloor slope has a significant effect on mode dispersion in a penetrable wedge 
even when the water depths at the source and receiver locations are the same. In this case 
of cross-slope propagation the effect is due to horizontal refraction [51, 75, 76]. Figure 28 
illustrates the effects of horizontal refraction at cross-slope propagation in a coastal wedge 
with a moderate seafloor slope of 2.86°. Adiabatic mode dispersion curves are given by 
Equations (5.8) and (5.9) in the physical and warped domains. In the ideal wedge, the 
instantaneous frequency of modal arrivals increases with mode order (Figure 28a), as it 
does in range-independent waveguide. Dependence of the instantaneous frequency on 
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travel time is opposite for the signals that traveled along horizontal rays with and without 
contact with the caustic. In contrast to the range-independent waveguide, the travel time 
increases with frequency on the modal eigenrays, which touch the caustic. This is similar 
to the situation with reflected arrivals at downslope propagation (Figure 27a and Figure 
27c) and can be understood as the result of lengthening of the propagation path. The path 





Water depth at the source and receiver locations is 100 m, source-receiver horizontal 
separation is 5000 m. Wedge geometry and waveguide parameters are the same as in Figure 
27. (a) Instantaneous frequency of modal arrivals is shown as a function of travel time and 
mode order n in a wedge with rigid bottom. Solid and dashed lines refer to the horizontal 
eigenrays before and after these reached a caustic. (b) Same as in (a) but for warped 
frequency as a function of warped time. (c) Instantaneous frequency of modal arrivals is 
shown as a function of travel time and mode order n in a penetrable wedge with a fluid 
bottom (solid lines) and in a range-independent Pekeris waveguide with the same 
propagation range and 100 m water depth (dashed lines). The dispersion curves are plotted 
in the frequency bands 10–120, 35–120, 58–120, and 80–120 Hz for modes 1, 2, 3, and 4, 
respectively. (d) Same as (c) but in the warped domain. (e) The travel time changes due to 
horizontal refraction and variations of the bottom sound speed are compared for mode 1. 
Solid line depicts the frequency dependence of the difference in travel times in the 
penetrable wedge and in the Pekeris waveguide with the same bottom parameters. Dashed 
curves show the difference in the mode travel time in the range-independent waveguide 
due to an increase in the bottom sound speed by 100 m/s (1), 200 m/s (2), and 400 m/s (3). 
(f) Mode travel times in the best-matching Pekeris waveguide (dashed lines) are 
superimposed on the dispersion curves of the four lowest-order adiabatic normal modes at 
cross-slope propagation in the penetrable wedge (solid lines). Bottom sound speed is 2270 
m/s in the best-matching Pekeris waveguide; its other parameters are given in the text.    
Figure 28. Dispersion curves of adiabatic normal modes at cross-slope 
propagation in a coastal wedge.  
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Dispersion curves of adiabatic normal modes prove to be self-similar in the ideal 
wedge. When the warped frequency is normalized by the mode cutoff frequency at the 
source, Fn, the plots of fw(tw)/Fn collapse on the same curve for all n. This is also valid for 
f (t)/Fn and in arbitrary (not just cross-slope) propagation geometry. The self-similarity 
follows from the fact that the travel time and horizontal ray geometry depend on ω and n 
via the single parameter,  arcsin ,n nF f   in Equations (5.7) and (5.8).  
At cross-range propagation in a penetrable wedge, normal modes experience 
stronger dispersion than at propagation over the same range in the range-independent 
waveguide with the same fluid bottom (Figure 28c, d). This leads to an increase of the 
received signal duration. In particular, for a fixed frequency range in the normal dispersion 
band, the maximum travel time is greatly increased compared to the Pekeris waveguide. 
Lower frequencies are responsible for later arrivals and are more sensitive to the seafloor 
slope (Figure 28c). In contrast, travel times at higher frequencies, where the value of the 
group speed approaches the sound speed in water, are insensitive to the slope. Figure 28c 
indicates that the minimum effective group speed occurs (i.e., the adiabatic mode travel 
time reaches its maximum as a function of frequency) at a higher frequency at cross-slope 
propagation than in the Pekeris waveguide. At all frequencies considered, sound propagates 
slower in the wedge than in the Pekeris waveguide. This should be contrasted with the 
decrease in mode phase Φn due to horizontal refraction [76]. Mode phase (eikonal) is given 
by the integral of the mode wavenumber ω/cn along the horizontal ray [51, 74]. Of course, 
the signs of the phase and travel time changes being different would be impossible in the 
case of non-dispersive propagation. In the warped domain, horizontal refraction manifests 
itself in increasing modal travel time and values of the warped frequency (Figure 28d). 
There is also a qualitative change in the dispersion curves of modes 2–4. Unlike the Pekeris 
waveguide and the case of upslope/downslope propagation (Figure 27d), warped frequency 
increases with increasing warped time (Figure 28d). As a result, the dispersion curves in 
the warped domain start to resemble the dispersion curves in the ideal waveguide rather 
than in the Pekeris waveguide.  
The increase in the mode dispersion and maximum modal travel time due to 
horizontal refraction has significant implications for geoacoustic inversions, which are 
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usually carried out either in the N×2D approximation or assuming range-independent 
environment [26, 27, 42, 73, 77, 78]. The travel times increase by up to 45–85 ms for modes 
1–4 in Figure 28c, and a large change in the bottom parameters is needed to reproduce the 
increase in the N×2D approximation. This is illustrated in Figure 28e for mode 1, which is 
least affected by the horizontal refraction. In this example, cb = 1800 m/s in the penetrable 
wedge but one needs bottom sound speeds between 1900 and 2200 m/s to approximate the 
long travel times at low frequencies.  
A geoacoustic inversion has been carried out in the N×2D approximation using 
synthetic dispersion curves Tn(f) of adiabatic modes (Figure 28c) at cross-slope propagation 
in a penetrable wedge as the input data. No noise of any kind was added to the data. The 
inversion aimed to match the “measured,” Tn(f), and modeled, tn(f), dispersion curves of 
the first four modes at frequencies up to 120 Hz. The distance between the dispersion 
curves was quantified as [Tn(f)]– tn(f)]
2 and was averaged over frequency. At cross-slope 
propagation, the environment is a range-independent Pekeris waveguide in the N×2D 
approximation. There were four unknowns in the inverse problem: source-receiver 
horizontal separation r, water depth H, bottom sound speed cb, and the ratio m of the bottom 
and water densities. An exhaustive search was performed on a regular grid with steps δr = 
1 m, δH = 1 m, δcb = 10 m/s, and δm = 0.1 in the following bounds: 4990 m ≤ r ≤ 5010 
m, 90 m ≤ H ≤ 110 m, 1750 m/s ≤ cb ≤ 2300 m/s, and 1.2 ≤ m ≤ 2.4. The best-matching 
model has r = 4996 m, H = 97 m, cb = 2270 m/s, and m = 1.5 and is compared to the input 
dispersion curves in Figure 28f, where dispersion curves are shown for each mode in the 
frequency band of the inversion scheme input. While the model succeeds in reducing the 
RMS travel time errors to acceptable values of 2.3 ms, 4.0 ms, 5.6 ms and 5.1 ms for modes 
1, 2, 3, and 4, respectively, it comes at the cost of significant distortions in the water depth 
and bottom density and a severe, 470 m/s, overestimation of the bottom sound speed. 
Results of the inversion prove to be very sensitive to the amount of input information but 
the same trend remains. For instance, matching the dispersion curves of mode 1 alone or 
modes 1–3 gives H = 94 m, cb = 2240 m/s, and m = 2.0 or H = 110 m, cb = 2060 m/s, and 
m = 1.7, respectively. 
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Obviously, the same biases will occur in modal travel times-based geoacoustic 
inversions, whether time warping or another technique is used to isolate the normal-mode 
components of the acoustic field and measure the travel times. The bias depends on the 
acoustic observable(s) providing the input information, i.e., data, for an inversion. Korakas 
and Sturm [77] used 3-D parabolic equation simulations to study the effect of horizontal 
refraction on geoacoustic inversions in a coastal wedge. Monochromatic acoustic pressure 
on a vertical line array spanning the water column served as synthetic input data. Unlike 
the data simulations, the inversions were done within the N×2D approximation. In a cross-
slope propagation scenario rather similar to the one we considered above, results [77] were 
biased toward lower bottom sound speeds. This is in contrast to the strong bias towards 
higher bottom sound speeds that we found when mode travel times serve as the input data.  
D. CONCLUSION  
We have derived simple, closed-form equations for travel times of adiabatic normal 
modes in range-dependent waveguides, where the seabed impedance is independent of 
frequency. Horizontal inhomogeneity of the shallow-water waveguides is found to make 
the mode dispersion curves more similar to those of an ideal waveguide than in the absence 
of range-dependence, and to contribute to the success of separating the normal modes using 
time-warping. Bathymetry variations suppress or eliminate the ground wave part of the 
mode dispersion curve. This may explain, in part, the known difficulty of retrieving the 
ground wave when the warping transform is used to isolate the normal modes in the coastal 
ocean. In agreement with Fermat’s principle, the N×2D approximation, which disregards 
horizontal refraction, systematically overestimates the phase of normal modes [76]. 
However, the travel time bias introduced by the N×2D approximation has the opposite sign 
in the coastal wedge.  
In geoacoustic inversions of mode travel times, moderate bottom slopes are shown 
to lead to significant errors in retrieved seabed parameters and cause a positive bias up to 
hundreds of m/s in the inferred bottom sound speed, if horizontal refraction is ignored.  
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V. CONCLUSIONS 
This dissertation is a collection of three peer-reviewed articles in published [1-3] 
and one under review [4]. The focus of this dissertation is passive acoustic characterization 
of the seabed in shallow water. The approach is based on synthesizing two well-developed 
techniques—noise interferometry and time warping—to provide ample input data for 
solving the inverse problem of determining geoacoustic parameters of the seabed. Our 
passive approach takes advantage of the rich low-frequency content of the ambient and 
shipping noise to probe the seabed in an eco-friendly and low-cost way. The cross-
correlation function of diffuse noise concurrently recorded by two hydrophones provides 
an approximation of the deterministic Green’s function known as the empirical Green’s 
function. The time-warping transform separates individual normal-mode components of 
the empirical Green’s function and allows us to passively measure travel times of acoustic 
normal modes as functions of sound frequency and mode order. The inversion scheme is 
based on matching the measured normal-mode dispersion curves with the dispersion curves 
modeled for various sets of the geoacoustic parameters [1, 2, 4].  
In Chapter II [2], using the ambient noise data obtained with two hydrophones 
separated by about 50 water depths in the 2012 Florida Straits experiment [31], dispersion 
curves ( )mt f of four acoustic normal modes m =1–4 were retrieved from the noise cross-
correlation function in the f = 20–100 Hz frequency band by time-warping transform. The 
seabed properties are inferred from matching these passively measured and modeled travel 
times ( )mt f of normal modes. Time-warping-based mode separation allowed us to extend 
the upper frequency bound of passive measurements from 70 Hz in previous studies [12, 
17, 20, 21] to 100 Hz in this study, and thus to retrieve additional environmental 
information. The optimum use of the full frequency content of the retrieved travel times 
( )mt f  is demonstrated to make the geoacoustic inversion more accurate and robust. 
In Chapter III [1, 4], we extended the application of a two-point noise cross-
correlation function obtained by a single hydrophone pair to 31 noise cross-correlation 
functions by utilizing a horizontal line array of 31 working hydrophones in the Shallow 
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Water 2006 experiment. Multiple empiric Green’s functions were obtained in the 10–110 
Hz frequency band at propagation ranges of 3.4–3.6 km and successfully employed as 
probing signals, despite the environment being highly dynamic with the sound speed 
variations in excess of 10 m/s repeatedly caused by strongly nonlinear internal gravity 
waves [60, 61, 63, 68]. Using multiple pairs of hydrophones and averaging the modal group 
speed, ( ),mg f  over various paths proved beneficial for suppression of random 
measurement errors and improving accuracy of the passive measurements.  
In both Chapters II and III, we demonstrated that the values of the sediment layer 
thickness H, sound speed cs, and density ratio ρs as well as bottom density ratio ρb, which 
have been obtained with passive remote sensing, fall within the ranges of the geologic 
studies and earlier active geoacoustic inversions performed for the same site in the Straits 
of Florida and in the vicinity of the Shallow Water 2006 experiment. The basement sound 
speeds cb inferred from matching passively measured dispersion curves, while consistent 
with the geologic data, were much larger than in most of the earlier geoacoustic inversions. 
Several possible explanations of the basement sound speed cb discrepancy between the 
present time-warping-based and previous inversions have been proposed. 
In Chapter IV [3], simple, closed-form equations for travel times of adiabatic 
normal modes in range-dependent waveguides were developed. We showed that seafloor 
slopes may provide an explanation for the observations in Chapters II and III that warping-
based geoacoustic inversions of mode travel times tend to return higher estimates of the 
basement sound speed cb than other inversion techniques. Horizontal inhomogeneity of the 
shallow-water waveguides was found to make the mode dispersion curves more similar to 
those of an ideal waveguide than in the absence of range-dependence, and to contribute to 
the success of separating the normal modes using time-warping. In geoacoustic inversions 
of mode travel times, moderate bottom slopes were shown to lead to significant errors in 
retrieved seabed parameters and cause a positive bias up to hundreds of m/s in the inferred 
bottom sound speed, if horizontal refraction is ignored.  
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With regard to areas for future research, in Chapter II, the frequency- and mode-
order-dependent non-reciprocal components of the mode travel times in the Straits of 
Florida were proved to be non-negligible in the dispersion curve-based geoacoustic 
inversion. Therefore, the feasibility of using the mode travel time non-reciprocity to extend 
the earlier passive measurements of depth-averaged flow velocity [17] and to characterize 
the flow velocity depth-dependence is a promising area for future research. For the site of 
the Shallow Water 2006 experiment (Chapter III), the 31 noise cross-correlation functions 
obtained can be used to provide the input data for other full-field inversion methods such 
as waveform matching [20] and passive time-reversal mirror [21]. Also, the noise cross-
correlation functions and the geoacoustic model obtained in Chapter III can be combined 
with the noise cross-correlation functions obtained with the same receivers at an earlier 
observation period, e.g., from August 3–17, 2006, to passively measure variations in the 
sound speed profile in water. The dispersion curves matching-based inversion in Chapter 
II and III were implemented via exhaustive grid search. Efficiency of the optimization 
technique can be significantly improved, e.g., via a Bayesian trans-dimensional inversion 
algorithm [27], to model the environment in a more realistic and complicated manner. It 
would be also important to investigate whether a different approach to evaluating the noise 
cross-correlation functions can decrease the necessary noise averaging times. The noise 
cross-correlation functions were calculated via a spectrum pre-whitening procedure [17] 
which normalizes the energy contribution of each frequency bin. Another promising 
approach to construct noise cross-correlation function is via phase cross-correlation [79], 
which uses the instantaneous phases of the analytic signals representing the measured time 
series and is explicitly amplitude unbiased.   
In summary, this dissertation research establishes noise interferometry in 
combination with time-warping signal processing as a robust technique for passive acoustic 
characterization of the seabed in the coastal ocean and suggests avenues for extending the 
passive acoustic remote sensing to characterizing the water column properties. 
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APPENDIX A. MODES 1, 3 AND 4 RETRIEVALS IN THE FLORIDA 
STRAITS EXPERIMENT 
This Appendix A is the unwarping and dispersion curves retrieval procedures for 
modes 1, 3 and 4 following the same methodology described in Chapter II.C.2 where mode 
2 is used for demonstration in the main text.  
 
Same as Figure 7, but a different time-frequency mask (box with white dashed-line 
boundaries) is applied to isolate mode 1 at the unwarping stage of the signal processing. 
Figure 29. Spectrogram of NCCF after time warping (unwarping for 
mode 1) 
 
Normalized warped mode 1 only of N-NCCF (dashed blue curve) and P-NCCF (solid red 
curve). 
Figure 30. Warped mode 1,   1mS w t  signal only 
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Normalized mode 1 of N-NCCF (dashed blue curve) and P-NCCF (solid red curve). 
Figure 31. Mode 1,  1mS t  signal only after unwarping 
 
(a) Mode 1 spectrogram in the physical domain for the NCCF’s negative time-delay part. 
Spectral density is given on dB scale with an arbitrary reference. White circles show the 
mode 1 dispersion curve 
1( )mt f retrieved from the spectrogram. (b) Same as (a) but for 
the positive-time-delay part of NCCF.  
Figure 32. Retrieval of normal mode dispersion curves, 




Same as Figure 7, but a different time-frequency mask (box with white dashed-line 
boundaries) is applied to isolate mode 3 at the unwarping stage of the signal processing. 
Figure 33. Spectrogram of NCCF after time warping (unwarping for 
mode 3) 
 
Normalized warped mode 3 only of N-NCCF (dashed blue curve) and P-NCCF (solid red 
curve). 
Figure 34. Warped mode 3,   3mS w t  signal only 
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Normalized mode 3 of N-NCCF (dashed blue curve) and P-NCCF (solid red curve). 
Figure 35. Mode 3,  3mS t  signal only after unwarping 
 
(a) Mode 3 spectrogram in the physical domain for the NCCF’s negative time-delay part. 
Spectral density is given on dB scale with an arbitrary reference. White circles show the 
mode 3 dispersion curve 3 ( )mt f retrieved from the spectrogram. (b) Same as (a) but for 
the positive-time-delay part of NCCF.  
Figure 36. Retrieval of normal mode dispersion curves, 3 ( )mt f mode 3 
only   
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Same as Figure 7, but a different time-frequency mask (box with white dashed-line 
boundaries) is applied to isolate mode 4 at the unwarping stage  
of the signal processing. 
 
Figure 37. Spectrogram of NCCF after time warping (unwarping for 
mode 4) 
 
Normalized warped mode 4 only of N-NCCF (dashed blue curve) and P-NCCF (solid red 
curve). 
Figure 38. Warped mode 4,   4mS w t  signal only 
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Normalized mode 4 of N-NCCF (dashed blue curve) and P-NCCF (solid red curve). 
Figure 39. Mode 4,  4mS t  signal only after unwarping 
 
(a) Mode 4 spectrogram in the physical domain for the NCCF’s negative time-delay part. 
Spectral density is given on dB scale with an arbitrary reference. White circles show the 
mode 4 dispersion curve 4 ( )mt f retrieved from the spectrogram. (b) Same as (a) but for 
the positive-time-delay part of NCCF.  
Figure 40. Retrieval of normal mode dispersion curves, 4 ( )mt f mode 4 
only  
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APPENDIX B. ACCURACY OF DISPERSION CURVE RETRIEVAL 
IN A NUMERICAL SIMULATION 
Here we use an ideal waveguide (pressure release surface and rigid bottom) with 
exact analytical solutions of dispersion curves ( ),mt f  as an example to demonstrate that 
the accuracy of our measurement method is sufficient. 
The inputs of simulation are in the following: Water isospeed=1500 m/s, sampling 
frequency=8000 Hz, number of modes=3, range between source and receiver is 5000m, 
water depth=100 m, both source are receivers are at 90 m water depth. The source spectrum 
is generated using a Hann window function as shown in Figure 41. The received signal’s 
spectrum is shown in Figure 42. The received signal of 3 modes are shown in Figure 43. 
The exactly analytical solutions of dispersion curves ( ),mt f with m=1, 2 ,3 are shown in 
Figure 44.  
 
Figure 41. Source spectrum in an ideal waveguide example. 
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Figure 42. Received signal’s spectrum in an ideal waveguide example. 
 
The reference time τr = 3.33 s used in the time-warping transform is shown by a vertical 
red dashed line. 




Figure 44. Exact analytical solutions ( )mt f  in an ideal waveguide 
example. 
Following the same time-warping mechanism described in Chapter II.C.1, the 
spectrogram of received signal in Figure 43 after time warping is shown in Figure 45. 
 
Spectral density is normalized by its maximum value. Normal modes appear to be 
separated in the spectrogram, and their orders are indicated. The box with white dashed-
line boundaries is the time-frequency mask applied to isolate mode 3 at the unwarping 
stage of the signal processing. 
Figure 45. Spectrogram of received signal after time warping in an 
ideal waveguide example. 
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Following the same unwarping mechanism described in Chapter II.C.2, a mode 3 
only signal is retrieved from Figure 45. The spectrogram of mode 3 only is shown in Figure 
46 with the black line imposed as measured dispersion curve, and the white line imposed 
as an exact analytical solution of 3 ( )mt f  from Figure 44 in this ideal waveguide example 
for comparison purpose. The difference between the measured 
3
ˆ ( )mt f  (black line) and 
analytical 3 ( )mt f  (white line) is small and not discernible on the scale of Figure 46. The 
input signal length ( )S t of Equation (2.2) in this example is τr + 0.8 sec, so the measured 
black line is only traceable till ~4.13 sec; there is no signal portion of mode 3 after ~4.13 
sec that can be measured so the measured black line “dies out.” 
 
Black line is the measured dispersion curve 3
ˆ ( )mt f using the reassignment process [50] 
during the entire signal length τr + 0.8 sec till ~4.13 sec, and it is accurately retrieved such 
that it is overlapping the white line till ~4.13 sec. The white line is the exact analytical 
solution 
3( ),mt f as shown in Figure 44. Due to the discrepancy between 3ˆ ( )mt f  and 
3 ( )mt f is small less than 10
-4 sec in RMS error, they are not discernible from each other 
before ~4.13 sec in this scale .  
Figure 46. Retrieval of normal mode dispersion curve, 3ˆ ( )mt f in an 
ideal waveguide example. 
τr 
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The difference between the measured 
3
ˆ ( )mt f and analytical 3 ( )mt f  in Figure 46 is 
less than one order of magnitude of millisecond in RMS error and small enough compared 
to the uncertainty shown in Figure 11. 
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APPENDIX C. IMPACT OF ATTENUATION ON MODAL TRAVEL 
TIMES 
[20] and [21] in Table 1 use waveform matching and backpropagation of the full 
field, and both methods are sensitive to seabed attenuation. As explained in the second 
paragraph of Chapter II.D, the group speeds of normal modes are insensitive to attenuation, 
and absorption in the seabed cannot be retrieved from mode travel time measurements. 
Therefore, attenuation was not considered as a free parameter and set as 0 dB/ λ in our 
inversions. As illustrated in the figure below (Figure 47), the normal mode propagation 
program KRAKEN [53] predicts the negligible travel time perturbation of ~0.03 ms due to 
the bottom attenuation, which is much smaller than the travel time measurement errors, see 
Figure 11. Figure 47 used the geoacoustic parameters of [21]; sound attenuation in the 
sediment layer was set to 0.3 dB/λ, and attenuation in the basement was set to 0.5 dB/λ. 
The left panel shows dispersion curves calculated with and without attenuation using 
KRAKEN [53]. No noticeable difference can be seen on this scale. A blow-up of a small 
portion of the left panel is shown separately. Taking mode 4 at frequencies around 49 Hz 
as an example (right panel), the difference of only ~3x10-5 s is found.  
 
Figure 47. Travel time comparison with/without seabed attenuation 
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APPENDIX D. GEOACOUSTIC INVERSION OF THE FLORIDA 
STRAITS DATA USING A 4-D GEOACOUSTIC MODEL 
Using 4 parameter model in [20] and fixing the basement speed=1800 m/s and 
density ratio=2.2, we obtain the following results shown in Figure 48 : Please note that in 
this 4-parameter search the minimum value of the cost function  min 10.02UK  (ms)2, 
which is much larger than the optimum result of 6-D parameter search  ˆ 2.52UK (ms)2 
shown in Figure 15. Thus, 4-parameter model does not provide an acceptable match of the 
measured modal travel times.  
 
Figure 48. Sensitivity of the data-model (4-parameter) to individual 
parameters of the geoacoustic model 
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APPENDIX E. MEASURED DISPERSION CURVES COMPARISON 
USING INFERRED GEOACOUSTIC MODELS 
Using the inferred geoacoustic models from [20] (Zang et al.) and [21] (Godin et 
al.), their dispersion curves are plotted and compared to the best fitting result from this 
study. Our inversion result (black lines) provides a far superior match of the measured 
dispersion curves (circles), see the figure below (Figure 49).  
 
 
Figure 49. Dispersion curves comparison of first four acoustic normal 
modes using inferred results of [20] and [21] 
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